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Hematopoietic stem cells (HSCs) maintain blood through self-renewal and differentiation. Although HSC
transplantation is the only cure for various blood disorders, generating and maintaining HSCs in vitro remains
challenging, partly due to a limited understanding of the cellular and molecular mechanisms underlying human
HSC ontogeny. In embryos, definitve HSCs arise from hemogenic endothelium via an endothelial-to-
hematopoietic transition (EHT) in the aorta-gonad-mesonephros (AGM) region and placenta. In humans, limited
access to embryos hinders the study of this process. Exploring new methods to mimic hematopoietic
development in vitro may shed light on the regulators and mechanisms of human HSC specification in vivo.

In my thesis, | outlined a protocol for generating hemogenic-like cells with hematopoietic potential from human
dermal fibroblasts (HDFs) through direct cell reprogramming. HDFs were transduced with lentiviruses encoding
GATAZ2, GFI1B, and FOS transcription factors (TFs). These three TFs activate hemogenic and hematopoietic
transcriptional programs in HDFs, recapitulating EHT and leading to the generation of hematopoietic progeny
capable of short-term engraftment in mice. Notably, | showed that the three TFs induce the expression of the
HSC marker CD9 at early stages of reprogramming. Thus, human hemogenic reprogramming offers a tractable
platform for identifying new markers and regulators of human HSC development.

| then combined hemogenic reprogramming with CRISPR/Cas9 knockout screening to identify regulators. |
transduced HDFs with lentivirus encoding Cas9 and a single guide RNA library targeting over 100 genes related
to HSC function. In parallel, | optimized the delivery of the three TFs in a single polycistronic vector at a defined
stoichiometry, where high levels of GATA2 and GFI1B induced reprogramming efficiently. After Cas9-edited
cells underwent hemogenic reprogramming, my colleagues and | isolated both successfully and unsuccessfully
reprogrammed cells based on the expression of CD49f and CD9 for next-generation sequencing. Surprisingly,
we identified two markers of hemogenic endothelium and HSCs, CD34 and CD44, as barriers to hemogenic
reprogramming, while STAG2 was uncovered as a facilitator of the process. These results suggest that
commitment to human hemogenic and hematopoietic identity may benefit from time-wise inhibition of CD34 and
CD44 signaling.

Finally, | set out to uncover a less appreciated role of TFs in vivo using definitive hematopoiesis as a model.
Several TFs remain bound to chromatin during mitosis and mark specific genomic sites — a mechanism termed
“mitotic bookmarking”. Mitotic retention and bookmarking have been associated with the maintenance of
pluripotency, cell reprogramming, and the preservation of somatic lineages in vitro, but the relevance for lineage
commitment in vivo remains to be addressed. Here, | assessed the mitotic retention of hemogenic
reprogramming TFs using fluorescent fusion proteins and subcellular protein quantification. Live-cell imaging
and western blotting showed that GATA2 remains bound to chromatin in mitosis via C-terminal zinc finger-
mediated DNA binding, as opposed to GFI1B and FOS. Moreover, GATA2 bookmarks a subset of its interphase
sites with a higher density of GATA2 motifs, which include key regulators of hematopoietic fate. To uncover the
role of GATAZ2 at mitotic exit in vivo, we generated a mouse model with the mitosis-degradation domain of cyclin
B1 inserted upstream the Gata2 gene. Remarkably, homozygous mice died during development, partially
phenocopying Gata2 null mice, which die at the onset of definitive hematopoiesis. Interestingly, removing
GATA2 at mitosis-to-G1 transition impacts AGM and placental hematopoiesis but not yolk sac hematopoiesis.
Altogether, these findings implicate GATA2 as a mitotic bookmarker critical for definitive hematopoiesis and
underscore a dependency on bookmarkers for in vivo lineage commitment.

Overall, my thesis provides new insights on the molecular mechanisms underlying the specification of definitive
hematopoiesis. In the future, harnessing these mechanisms may enable the faithful generation of patient-
tailored HSCs to meet clinical demands.
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Abstract

Hematopoietic stem cells (HSCs) maintain blood through self-renewal and
differentiation. Although HSC transplantation is the only cure for various blood
disorders, generating and maintaining HSCs in vitro remains challenging, partly due
to a limited understanding of the cellular and molecular mechanisms underlying
human HSC ontogeny. In embryos, definitive HSCs arise from hemogenic
endothelium via an endothelial-to-hematopoietic transition (EHT) in the aorta-
gonad-mesonephros (AGM) region and placenta. In humans, limited access to
embryos hinders the study of this process. Exploring new methods to mimic
hematopoietic development in vitro may shed light on the regulators and
mechanisms of human HSC specification in vivo.

In my thesis, I outlined a protocol for generating hemogenic-like cells with
hematopoietic potential from human dermal fibroblasts (HDFs) through direct cell
reprogramming. HDFs were transduced with lentiviruses encoding GATA2, GFI1B,
and FOS transcription factors (TFs). These three TFs activate hemogenic and
hematopoietic transcriptional programs in HDFs, recapitulating EHT and leading to
the generation of hematopoietic progeny capable of short-term engraftment in mice.
Notably, I showed that the three TFs induce the expression of the HSC marker CD9
at early stages of reprogramming. Thus, human hemogenic reprogramming offers a
tractable platform for identifying new markers and regulators of human HSC
development.

I then combined hemogenic reprogramming with CRISPR/Cas9 knockout screening
to identify regulators. I transduced HDF's with lentivirus encoding Cas9 and a single
guide RNA library targeting over 100 genes related to HSC function. In parallel, I
optimized the delivery of the three TFs in a single polycistronic vector at a defined
stoichiometry, where high levels of GATA2 and GFI1B induced reprogramming
efficiently. After Cas9-edited cells underwent hemogenic reprogramming, my
colleagues and I isolated both successfully and unsuccessfully reprogrammed cells
based on the expression of CD49f and CD9 for next-generation sequencing.
Surprisingly, we identified two markers of hemogenic endothelium and HSCs,
CD34 and CD44, as barriers to hemogenic reprogramming, while STAG2 was
uncovered as a facilitator of the process. These results suggest that commitment to
human hemogenic and hematopoietic identity may benefit from time-wise inhibition
of CD34 and CD44 signaling.
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Finally, I set out to uncover a less appreciated role of TFs in vivo using definitive
hematopoiesis as a model. Several TFs remain bound to chromatin during mitosis
and mark specific genomic sites — a mechanism termed “mitotic bookmarking”.
Mitotic retention and bookmarking have been associated with the maintenance of
pluripotency, cell reprogramming, and the preservation of somatic lineages in vitro,
but the relevance for lineage commitment in vivo remains to be addressed. Here, 1
assessed the mitotic retention of hemogenic reprogramming TFs using fluorescent
fusion proteins and subcellular protein quantification. Live-cell imaging and
western blotting showed that GATA2 remains bound to chromatin in mitosis via C-
terminal zinc finger-mediated DNA binding, as opposed to GFI1B and FOS.
Moreover, GATA2 bookmarks a subset of its interphase sites with a higher density
of GATA2 motifs, which include key regulators of hematopoietic fate. To uncover
the role of GATAZ2 at mitotic exit in vivo, we generated a mouse model with the
mitosis-degradation domain of cyclin Bl inserted upstream the Gafa? gene.
Remarkably, homozygous mice died during development, partially phenocopying
Gata2 null mice, which die at the onset of definitive hematopoiesis. Interestingly,
removing GATA2 at mitosis-to-Gl transition impacts AGM and placental
hematopoiesis but not yolk sac hematopoiesis. Altogether, these findings implicate
GATA2 as a mitotic bookmarker critical for definitive hematopoiesis and
underscore a dependency on bookmarkers for in vivo lineage commitment.

Overall, my thesis provides new insights on the molecular mechanisms underlying
the specification of definitive hematopoiesis. In the future, harnessing these
mechanisms may enable the faithful generation of patient-tailored HSCs to meet
clinical demands.
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Resumo em Portugués

As células estaminais hematopoiéticas t€ém a capacidade de se autorrenovarem e
produzir sangue através de um processo de diferenciacdo. Embora o transplante de
células estaminais hematopoiéticas seja a unica cura para varias doengas sanguineas,
a produgdo e manutengdo destas células in vitro continua a ser um desafio, em parte
devido a escassez de conhecimento relativamente aos mecanismos celulares e
moleculares envolvidos na sua ontogenia no ser humano. No embrido, as células
estaminais hematopoiéticas definitivas originam-se a partir de endotélio
hemogénico, através de uma transig¢do endotelial-hematopoiética, na aorta-gonada-
mesonefros e na placenta. No entanto, o acesso limitado a embrides dificulta o
estudo deste processo no ser humano. O estudo de novos métodos para replicar o
desenvolvimento hematopoiético in vitro pode ajudar a descobrir moléculas e
mecanismos reguladores envolvidos na especificagdo das células estaminais
hematopoiéticas humanas in vivo.

Na minha tese, delineei um protocolo para gerar células com caracteristicas
semelhantes a células hemogénicas, com potencial hematopoiético, a partir de
fibroblastos humanos, através da reprogramagao direta de células. Os fibroblastos
foram transduzidos com lentivirus que codificavam trés fatores de transcrigdo:
GATA2, GFI1B ¢ FOS. Estes fatores foram anteriormente descritos como sendo
suficientes para ativar programas de transcricdo hemogénica e hematopoiética em
fibroblastos, imitando a transi¢ao endotelial-hematopoiética e gerando progenitores
hematopoiéticos capazes de enxertar murganhos a curto prazo. Para mais,
demonstrei que os trés fatores induzem a expressdo do marcador de células
estaminais hematopoiéticas CD9, o qual ainda ndo tinha sido associado a
reprogramac¢do hemogénica. Assim, a reprogramacdo hemogénica oferece uma
plataforma viavel para identificar novos marcadores e reguladores do
desenvolvimento das células estaminais hematopoiéticas no ser humano.

Consequentemente, combinei este sistema com um processo de triagem de genes,
usando a tecnologia CRISPR/Cas9, de forma a definir genes reguladores da
reprogramacdo hemogénica. Numa primeira instancia, transduzi fibroblastos de
origem humana com o lentivirus para a proteina Cas9 e uma biblioteca de “single
guide RNA” direcionada a mais de 100 genes relacionados com a funcéo das células
estaminais hematopoiéticas. Em paralelo, otimizei a entrega dos trés fatores num
unico vetor policistronico numa estequiometria definida, em que niveis elevados de
GATAZ2 e GFI1B induziram eficazmente a reprogramacao. Apos as células editadas
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com Cas9 passarem pelo processo de reprogramacao, eu € os meus colegas isolamos
células reprogramadas e nao-reprogramadas, de acordo com os niveis de expressao
de CD49f e CD9, que foram submetidas a um processo de sequenciagdo.
Inesperadamente, identificamos as proteinas CD34 e CD44, que sdo dois
marcadores importantes do endotélio hemogénico e das células estaminais
hematopoiéticas, como barreiras para a reprogramacdo hemogénica, enquanto a
proteina STAG2 foi apresentada como facilitadora do processo. Esses resultados
sugerem que a especificagdo das linhagens hemogénicas e hematopoiéticas em
humanos pode beneficiar da inibicdo das vias de sinalizagdo controladas pelas
proteinas transmembranares CD34 e CD44, em contraste com as fungdes
previamente relatadas.

Finalmente, propus-me a descobrir um papel menos valorizado dos fatores de
transcri¢do in vivo, usando a hematopoiese definitiva como modelo. Atualmente
sabe-se que varios fatores permanecem ligados a cromatina durante a mitose e
marcam locais gendmicos especificos - um mecanismo denominado "bookmarking"
mitdtico. A retencao mitdtica e o "bookmarking" tém sido associados @ manutengao
da pluripoténcia, a reprogramacao celular e a preservacao de linhagens somaticas in
vitro, mas a relevancia para a especificacdo de linhagens celulares in vivo ainda nao
tinha sido abordada. Aqui, avaliei a retengdo mit6tica dos fatores de reprogramacao
hemogénica usando proteinas de fusdo de fluorescéncia e quantificag@o de proteinas
ao nivel subcelular. As imagens de células ndo fixadas e andlises de membranas de
“western blot” mostraram que o GATA2 permanece ligado a cromatina durante a
mitose através da ligacdo ao ADN mediada pelo dominio “zinc-finger” do C-
terminal, ao contrario do GFI1B e do FOS. Além disso, o0 GATA2 marca um
subgrupo de regides genomicas no ADN, com um maior nimero de regides de
ligacdo ao GATA2, que incluem reguladores-chave da linhagem hematopoiética.
De forma a descobrir o papel do GATA2 durante a saida mitdtica in vivo, nos
geramos um modelo de murganho em que inserimos o dominio de degradacdo da
mitose da ciclina B1 a montante do gene Gata?2. Para nossa surpresa, os murganhos
homozigoéticos para o dominio de degradagdo morreram durante o desenvolvimento,
copiando parcialmente o fen6tipo dos murganhos sem Gata2, os quais morrem no
inicio da hematopoiese definitiva. De notar que a delecdo do GATA2 na transicao
mitose-Gl tem um impacto especifico na hematopoiese da aorta-gonada-
mesonefros e da placenta, mas ndo na hematopoiese do saco vitelino. Ao todo, estes
resultados implicam o GATA2 como um marcador mitdtico crucial para a
hematopoiese definitiva e destacam uma dependéncia de “bookmarkers” para o
estabelecimento de linhagens celulares in vivo.

Em resumo, a minha tese oferece novas perspetivas sobre os mecanismos
subjacentes a especificacdo da hematopoiese definitiva. O conhecimento coletivo
apresentado na minha tese pode, no futuro, possibilitar a produgdo fidedigna de
células estaminais hematopoiéticas, a partir de células de pacientes, para atender as
necessidades clinicas.

22



Lay Summary

Hematopoietic stem cells (HSCs) reside in the bone marrow and generate every type
of blood cells in our body, such as white and red blood cells. In many blood-related
disorders and cancers, HSC transplantation is the only available treatment.
However, lack of suitable donors, the low numbers of HSCs obtained from
hematopoietic cell sources, and challenges in generating these cells in the lab,
hamper their use in the clinics. During mammalian development, HSCs form from
specialized cells in different embryonic tissues. Nevertheless, limited access to
human embryos hinders the study of this process in the human system.
Understanding how HSCs are generated and how their identity is kept as cells divide
will allow the establishment of new approaches to efficiently generate them in the
lab or expand them for therapeutic purposes.

In my thesis, I have described the necessary steps to generate the precursors of HSCs
in culture using three specific proteins called transcription factors (TFs). These were
GATA2, GFI1B and FOS. Together, they converted skin cells into blood precursor
cells that expressed the novel surface marker CD9. Furthermore, my colleagues and
I used a powerful gene-editing tool called CRISPR/Cas9 to identify molecules that
regulate the cell-conversion or reprogramming process. We introduced the editing
protein Cas9 into these cells and targeted over 100 genes linked to the function of
HSCs. We also made sure the cells had just the right amounts of three specific TFs
to achieve the best reprogramming efficiency. Surprisingly, our analysis showed
that two proteins, CD34 and CD44, which are usually associated with blood-
forming cells, actually hindered the conversion process, while another molecule
called STAG2 seemed to make the process easier. These findings suggest that by
blocking the activity of CD34 and CD44, we might be able to improve the
development of blood-forming cells.

During the life cycle of a cell, TFs bind to DNA and control the production of many
other proteins important for the normal function of cells. It was previously thought
that when cells divided — in a process called mitosis — most factors would detach
from DNA, making cells become “inactive”. However, more recently, scientists
found that actually many factors remained bound and marked mitotic DNA just like
bookmarks mark the last page read from a book. These “mitotic bookmarking”
factors helped cells to be easily “reactivated” after mitosis.
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GATA2 is a TF essential for the normal development and function of HSCs.
Without it, there are no HSCs nor blood production. For that reason, we
hypothesized that HSC generation and the preservation of their identity relied on
mitotic bookmarking by GATAZ2. Interestingly, we show that GATA2 remains
bound to DNA throughout mitosis and bookmarks important genes for the
development of HSCs. To assess the significance of GATA?2 in living organisms,
we created a mouse model in which GATA2 could be removed during cell division.
To our surprise, removing this factor during that phase of the cell cycle in mice was
lethal. These mice never developed HSCs and died from anemia before birth, similar
to mice without any GATA?2 at all. These results underscore the critical role of
GATAZ2 for proper blood cell development. Collectively, these findings highlight,
for the first time, the importance of mitotic bookmarking factors for the
establishment of cellular lineages in vivo.

In summary, my thesis contributes to our understanding of how HSCs are generated
during development. This research could have significant implications for
generating customized HSCs for the treatment of blood disorders in the future.
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Popularvetenskaplig sammanfattning

Hematopoetiska stamceller (HSC) finns i benmérgen och kan bilda alla typer av
blodceller i kroppen, som vita och réda blodkroppar. Vid manga blodsjukdomar och
cancerformer dr en HSC-transplantation den enda tillgdngliga behandlingen. Brist
pa lampliga donatorer, det ldga innehéllet av HSC i hematopoetiska vivnader, samt
utmaningar att generera dessa celler i laboratoriet, begrdnsar deras anvéndning i
kliniken. I ddggdjur bildas HSC fran specialiserade celler i olika embryonala
vévnader. Begrinsad tillgang till ménskliga embryon forsvérar studier av hur denna
process styrs i manniskor. Att forstd hur HSC bildas och hur deras identitet bevaras
nér celler delar sig kan bidra till utveckling av nya metoder for att effektivt generera
dem i laboratoriet eller expandera dem for terapeutiska d&ndamal.

I min avhandling har jag beskrivit hur GATA2, GFI1B och FOS, tre specifika
proteiner som kallas transkriptionsfaktorer (TF), kan omvandla hudceller till
foregéngare till HSC. Dessutom anvéinde jag och mina kollegor den anvéndbara
gensaxen som kallas CRISPR/Cas9 for att hitta gener som styr omprogrammering.
Vi sékerstdllde ocksa att cellerna hade exakt ritt mangd av de tre specifika TF for
att optimera omprogrammeringen. Forvanande nog visade var analys att tva
proteiner, CD34 och CD44, som vanligtvis associeras med blodbildande celler,
faktiskt hindrade omvandlingsprocessen, medan ett annat protein, STAG2, verkade
underldtta processen. Dessa resultat tyder pa att genom att blockera aktiviteten hos
CD34 och CD44 kan vi mojligen forbattra utvecklingen av blodbildande celler.

Transkriptionsfaktorer binder till DNA och styr produktionen av ménga andra
proteiner som &r viktiga for cellens normala funktion. Tidigare trodde man att nér
celler delade sig - en process som kallas mitos - lossnar de flesta faktorer fran DNA,
vilket gjorde att celler blev "inaktiva". Ny forskning har visat att ménga faktorer
fortsatte vara bundna och maérkte mitotiskt DNA precis som bokmirken markerar
den sista sidan som ldsts i en bok. Dessa mitotiska bokmérkningsfaktorer hjdlper
celler att latt "ateraktiveras" efter mitos.

GATA2 éar en TF som é&r viktig for den normala utvecklingen och funktionen av
HSCs. Utan den bildas inga HSC och inget blod. Vér hypotes var dirfor att bildandet
av HSC och bevarande av deras identitet forlitar sig pa mitotisk bokmérkning av
GATAZ2. Intressant nog visar vi att GATA2 binder till DNA under hela mitosen och
mérker gener som é&r viktiga for utvecklingen av HSC. For att studera detta under
embryoutvecklingen skapade vi en musmodell dir GATA2 kunde avldgsnas under
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mitosen. Vi fann att dessa moss inte bildade HSC och dog av anemi fore fodseln,
och liknade ddrmed moss som helt saknar GATA2. Dessa resultat framhdver hur
viktig GATAZ2s roll ar for en korrekt utveckling av blodceller. Sammantaget belyser
véra resultat for forsta gangen vikten av mitotiska bokmérkningsfaktorer for
etablering av celllinjer in vivo.

Sammanfattningsvis bidrar min avhandling till en 6kad forstaelse av hur HSC
genereras under embryoutveckling. Denna forskning kan ha stor betydelse for att
generera HSC for behandling av blodsjukdomar i framtiden.
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Hematopoiesis

Hematopoiesis, in simple terms, the formation of blood, is a complex multicellular
process by which new blood cells are produced to replace old cells to ensure the
proper function of the whole organism. Different components of the blood serve
specific purposes in the body. Red blood cells or erythrocytes, for example, are
specialized in supplying oxygen to tissues and disposing of carbon dioxide waste
resultant from metabolism, while platelets promote blood clotting, and white blood
cells or leukocytes, such as granulocytes and lymphocytes are the body’s
gatekeepers, protecting us against pathogen infections (1). The continuous
replenishing of billions of mature short-lived blood cells every day throughout adult
life is dependent on a rare population of cells that reside in the bone marrow, the
hematopoietic stem cells (HSCs) (2). HSCs are multipotent cells that give rise to all
differentiated blood cell lineages: erythroid, myeloid and lymphoid. These cells also
have the ability to self-renew, meaning they can generate copies of themselves and
this way preserve their numbers over time. Consequently, a hallmark of HSCs is
their ability to reconstitute the hematopoietic system of immunocompromised
recipients.

The hematopoietic hierarchy

For decades, hematopoiesis was seen as a stepwise process where HSCs relate to
their progeny in a tree-like shaped roadmap, with HSCs seating at the top of the
hierarchy (Figure 1A) (3,4). According to this model, HSCs successively
differentiate in a branch manner into less potent, and consequently more restricted
progenitors, with progressively reduced self-renewal capacity, until the mature cell
type stage is reached. Multipotent HSCs, give rise to multipotent progenitors
(MMPs), which lack self-renewal capacity, and further differentiate into oligopotent
(lineage-restricted) common myeloid progenitors (CMPs) and common lymphoid
progenitors (CLPs). CLPs originate lymphocytes, including T cells, B cells and
natural killer (NK) cells. CMP further diverge to megakaryocyte/erythrocyte
progenitors (MEPs), which produce megakaryocytes and erythrocytes, and to
granulocyte/macrophage progenitors (GMPs), which give rise to basophils,
eosinophils, neutrophils (granulocytes) and macrophages. Dendritic cells, however,
can be originated from both myeloid and lymphoid progenitors (Figure 1A) (5).
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Recently, with the advent of single-cell omics, previously homogeneous HSC
populations started to segregate into heterogeneous HSC pools with different
molecular signatures, epigenetic landscapes and transcription factor expression
profiles that translated into inequal self-renewal and multipotency abilities (6,7).
This led several groups to abandon the classical view of the hematopoietic tree-like
hierarchy and suggest a reshape of the hematopoietic landscape to a more
continuous and fluid process where HSCs and progenitors progressively acquire
distinct lineage affiliations down multiple routes, instead of differentiating in an
organized stepwise manner (Figure 1B) (8-11). Even though cytokine-cytokine
receptor interactions can instruct specific lineages at early stages of hematopoiesis,
the regulation of this process for cell fate decisions is still unclear (7).

A HSCs B
C@ HSC pool
¢ Progenitor
MPPs

J Erythrocytes Megakaryocytes Macrophages/ Dendritic B cell
Megakarvos < Granulocytes Macrophages/ Dendritic cells Monocytes  cells T cells
legakaryocytes Monocytes Granolocytes NK cells

Figure 1. Models of hematopoiesis. A, Schematic representation of the classic hematopoietic hierarchy
hematopoietic. A homogeneous population of hematopoietic stem cells (HSCs) give rise to all mature
blood cell lineages. Multipotent progenitors (MMPs) branch into common myeloid progenitors (CMPs)
and common lymphoid progenitors (CLP). CLPs differentiate into lymphocytes, including T cells, B cells
and natural killer (NK) cells, as well as into subsets of dendritic cells. CMPs, on the other hand, further
diverge to produce megakaryocyte/erythrocyte progenitors (MEPs), which generate erythrocytes and
megakaryocytes, and to granulocyte/macrophage progenitors (GMPs), which differentiate into
granulocytes, macrophages and dendritic cells. B, Revised hematopoietic landscape. Hematopoiesis is
shown as a continuum of differentiation, where heterozygous lineage-primed populations of HSCs
gradually lose their self-renewal capacity while giving rise to successively more restricted progenitors
along a differentiation trajectory represented by different colors. In this model, progenitors are more
versatile to change to a different lineage, although closely related. Figure 1B was adapted from Laurenti
etal., 2018.
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The waves of developmental
hematopoiesis

Even though HSCs are at the top of the hematopoietic hierarchy, the establishment
of the hematopoietic system during ontogeny (or embryonic development) starts
before the firsts HSCs are originated. In the vertebrate embryo, blood is formed in
three temporally and spatially overlapping waves: first, a primitive, then a pro-
definitive and finally a definitive wave, where each generates cells with increased
hematopoietic lineage potential (12). Due to the transitory and intercalating nature
of the waves, finding individual contributors to adult hematopoiesis remains a
challenge.

The first wave — Primitive hematopoiesis

The developing embryo is a fast-growing mass of cells which begin to form
organized tissues. The metabolic demands of the growing organism need to be met
to assure survival, which is dependent on oxygen supply to the tissues. The embryo
meets these needs by starting the production of transient blood cells.

In the mouse, the first embryonic wave starts in the extra-embryonic mesoderm-
derived blood islands of the yolk sac, between embryonic day (E) 7.0 and E7.5 (13).
During the primitive wave, only short-lived bi- and unipotent progenitors that give
rise to primitive erythrocytes, megakaryocytes and macrophages are generated
(Figure 2) (13,14). Primitive erythrocytes, contrary to adult red blood cells (RBCs),
are large, nucleated cells that express embryonic-specific hemoglobin (15) and are
responsible for the diffusion of oxygen throughout the whole embryo.
Megakaryocytes and macrophages, on the other hand, are important for sustaining
tissue integrity and remodeling during vascular development (14,16). Additionally,
primitive macrophages travel to the embryo proper via blood circulation (from E8.5
to E10 in the mouse), and colonize several tissues, becoming tissue-resident
macrophages (17,18). In the brain, tissue-resident macrophages were found to
establish the microglia through in vivo lineage tracing studies (19), making them
one of the best examples of embryonic HSC-independent cells persisting into
adulthood.
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In the human system, although the ethical and technical challenges hinder research
at specific stages of development, the presence of primitive erythrocytes,
megakaryocytes and macrophages has been reported already in the 70s (20,21), and
more recently, single-cell RNA-sequencing (scRNA-seq) studies of human
microglia have confirmed its embryonic HSC-independent origin (22).

The second wave — Pro-definitive hematopoiesis

Shortly after the first wave, a second wave of hematopoietic progenitors arise in the
yolk sac and embryo proper, predominantly at the para-aortic splanchnopleure (P-
Sp) region (Figure 2), from a specialized subpopulation of endothelial cells that
express RUNX1 termed hemogenic endothelium (23-25). These cells go through
an endothelial-to-hematopoietic transition (EHT), during which they round up,
changing their cellular identity to hematopoietic cells that bud off from the
endothelial layer to arterial lumina. Definitive erythro-myeloid progenitors (EMPs)
are generated during this wave between E8.25 and E10, before homing the fetal liver
at E10.5, from where they sustain hematopoiesis until birth (26-28).

EMPs are multipotent progenitors that give rise to definitive myeloid and erythroid
cells but lack the long-term potential characteristic of HSCs (29). In the liver, EMPs
undergo rapid differentiation towards megakaryocytes, enucleated erythrocytes
with fetal-type hemoglobin (15), and monocytes that migrate to different organs to
become tissue-resident macrophages (30). Starting from E12.5, the EMP-derived
macrophages gradually replace those generated during the primitive wave, making
up the majority of tissue-resident macrophages present at birth, with the exception
of the brain (31-33). In this context, the blood-brain barrier may protect microglia
from being replaced (19,30). Additionally, EMPs also give rise to granulocytes,
particularly neutrophils, a cell type that is not produced during the first wave (29).
From E10.5 onwards, there is a decrease (but not a total absence) in the number of
EMPs in circulation, concordantly with their colonization of the fetal liver.

Other types of progenitors are also produced during this wave. In the P-Sp region
of the embryo and yolk sac, lymphoid-restricted progenitors were found as early as
E8.5 (34,35), and in the yolk sac at E9.5 both lymphoid-restricted progenitors and
lympho-myeloid progenitors were found (35,36). Like EMPs, these cells possibly
originate from hemogenic endothelium and migrate to the fetal liver (37). Whether
this population of cells arise sequentially from a common pool of hemogenic
endothelial cells or from separate subsets is still under debate (38).

While human pro-definitive progenitors are yet to be characterized in detail,
hematopoietic progenitors found in the yolk sac and fetal liver prior to HSC
emergence or fetal liver colonization are thought to resemble EMPs and lymphoid
progenitors found in the mouse (39).
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The third wave — Definitive hematopoiesis

In mice, adult or definitive hematopoiesis initiates at embryonic day E10.5, when
HSCs autonomously appear in the aorta-gonad-mesonephros (AGM) region
(originated from the P-Sp), vitelline and umbilical arteries, and shortly after in the
placenta (Figure 2) (40—42). In the AGM region, intra-aortic hematopoietic clusters
(IAHCs) containing budding HSCs and progenitors are mainly found in the ventral
wall of the dorsal aorta, although a few clusters have been observed in the dorsal
wall (43). Similar to the generation of EMPs, HSCs arise from an intermediate
endothelial precursor with hemogenic potential, through an EHT (44-47). This
transition is dependent on the expression of RUNXI, which orchestrates the
transcriptional network responsible for the cell fate conversion (23,24).

The emergence of bona fide HSCs from hemogenic endothelium is not a static
process. It involves multiple steps, starting with the production of pre-definitive
HSCs (pre-HSCs) subpopulations that lack stem cell activity when measured by
transplantation and can be distinguished by the sequential expression of cell surface
markers, including VE-Cadherin, CD41, CD43 and CD45 in the mouse (48-50).
Despite some precursors already start their maturation to HSCs inside the IAHCs,
at E11.5 pre-HSCs and HSCs enter circulation and migrate to the fetal liver to
further mature and expand their numbers (51,52). By E12.5, the liver is the primary
hematopoietic organ, homing hematopoietic cells from both the pro-definitive and
definitive waves, and being responsibility for the majority of blood output in the
embryo. At this developmental stage, lineage-tracing methods have shown that
HSC:s are highly proliferative and can regenerate after injury, but display negligible
contributions to embryonic lymphomyelopoiesis, compared to pro-definitive
progenitors (27). Finally, around E16.5, mature HSCs colonize the bone marrow
from where they sustain hematopoiesis throughout adult life (39,53).

In humans, HSCs emerge first in the dorsal aorta of the AGM region, between the
fourth and fifth post-conception week, and only later in the yolk sac, placenta and
liver (54-56). Contrary to mice, human IAHCs were found exclusively in the ventral
side of the dorsal aorta (54,55). Although HSC precursors have only been
characterized in mice, the human AGM region also gives rise to precursor cells
capable of generating hematopoietic colonies before definitive HSCs arise, but with
no long-term engraftment ability (57,58).

Current studies are utilizing single-cell data to accurately map and identify
transcriptionally distinct cell populations from both mouse and human hemogenic
endothelium towards HSCs, that due to their rare and transient nature, prove
challenging to identify merely based on surface markers and functional studies (59—
62). These efforts are now contributing greatly to our understanding of this complex
developmental process and will facilitate the in vitro manipulation of developmental
hematopoiesis for therapeutic purposes.

31



Mouse developmental stage
LYS PL-
@®
unv
arteries AGM
E7 E8.5 E9.5 E10.5 E12.5
@
Prog
Primitive
Py
@ ® - & @
Mk Gr
EMP Ery (0]
LP % C T cell
Pro-definitive B cell
pre-HSC O
— HSC
Definitive
Human developmental stage (pcw)
2-3 4-5 6-7

Figure 2. The waves of hematopoiesis. Hematopoietic development occurs in three distinct yet
overlapping waves: primitive (in grey), pro-definitive (in green), and definitive (in blue). In each wave,
unique hematopoietic progenitors are generated. These progenitors are depicted in the upper panel
which illustrates their origin within the embryo and their subsequent migration to specific hematopoietic
sites at different developmental stages. Primitive progenitors (Prog) arise in the yolk sac (YS) from
embryonic day (E) 7 and differentiate into primitive erythrocytes (p-Ery), primitive macrophages (p-M®)
(which colonize the embryo until adulthood), and primitive megakaryocytes (p-Mk). The second or pro-
definitive wave generates erythromyeloid progenitors (EMPs), as well as lymphoid-restricted progenitors
(LPs) and lympho-myeloid progenitors (LMPs) in the YS and embryo proper at the para-aortic
splanchnopleure (P-Sp) region. These pro-definitive progenitors travel to the fetal liver (FL) at 10.5 and
sustain embryonic hematopoiesis until birth, including erythrocytes (Ery), megakaryocytes (Mk),
macrophages/monocytes (M®), granulocytes (Gr), and B and t cells. From E10.5, the definitive and last
developmental hematopoietic wave takes place at the dorsal aorta (DA) of the aorta-gonad-mesonephros
(AGM) region, umbilical (U) and vitelline (V) arteries, and placenta (PL), and produces pre-HSCs followed
by HSCs. Pre- and definitive HSCs migrate to the FL and mature. HSC minimal contribution to embryonic
hematopoiesis is represented by blue cells with transparency. HSC-dependent hematopoiesis becomes
more relevant after colonization of the bone marrow at E16.5. EMP-derived M® migrate to the embryo
and replace most primitive M® in the tissues except for the brain. The corresponding human
developmental stages in post-conception weeks (pcw) are shown at the bottom. Adapted from Canu &
Ruhrberg, 2021 and Dzierzak & Bigas, 2018.
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Transcriptional control of developmental hematopoiesis

As any other developmental process, the process by which cells within the early
embryo commit to the hematopoietic lineage, is tightly regulated by molecular
signals. These signaling pathways subsequently lead to the activation of key TFs
that trigger the expression of hematopoietic genes down the line, which in turn
reflect the different cell fates (12).

TAL1 (also known as SCL) and LMO2 TFs are involved in the production of blood
in the early stages of hematopoiesis, particularly during the primitive and pro-
definitive waves. Mutations resulting in loss-of-function of these factors cause
embryo lethality before E10.5, due to yolk sac failure (63,64).

RUNX1 is necessary for the formation of both EMPs and HSCs from hemogenic
endothelium (24,65). Knockout (KO) studies reported that mice lacking Runx! die
by E12.5 with severe anemia from the lack of definitive progenitors and consequent
decline in fetal liver hematopoiesis (66,67). These mice never develop HSCs.
Studies using pluripotent stem cell (PSC) differentiation protocols have shown that
during in vitro EHT, endothelial programs are downregulated, while hematopoietic
programs are upregulated via the downstream activity of RUNX1 targets GFI1 and
GFI1B (68,69). In the absence of RUNX1, GFI1 and GFI1B alone are sufficient to
drive the loss of endothelial identity in hemogenic cells, leading to the observed
morphological alterations that occur during EHT (68). Even though both HSCs and
EMPs emerge from RUNXI1" hemogenic endothelium, the molecular pathways
driving these two cell lineage transitions are distinct (70,71).

While HSC specification is dependent on NOTCH signaling, EMP formation does
not require this pathway (72-74). Briefly, the NOTCH signaling pathway is
composed of transmembrane receptors (Notch receptors) and ligands (Delta and
Jagged ligands) that bind through cell-cell interactions to initiate cell fate-related
gene expression in several tissues (78). During definitive hematopoiesis, RUNX1
works in parallel with other pivotal TF — GATA2, which is also a direct target of
the NOTCH pathway (73,74).

GATA2 is required during the second and third waves of hematopoietic
development, as Gata? gene KO affects the generation of both pro-definitive
progenitors and HSCs, causing embryo lethality derived from severe anemia
between E10.5 and E11.5 (76). In both Runx! and Gata2 KO mice, vasculature and
primitive hematopoiesis are not impaired (66,67,76). Despite the apparent
functional overlap between these two TFs, their roles are in fact distinct.

Chen et al., beautifully clarified the requirement of RUNXI1 in a study where they
abolished Runxl expression in either hemogenic cells (positive for vascular
endothelial cadherin, VEC) or HSC-committed cells (cells expressing Vavl, an
early gene expressed in HSCs) (77). Deleting RUNX1 exclusively in hemogenic
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cells impaired their progression through EHT and IAHC formation, including HSC
emergence. However, deletion of the TF after the EHT stage, in HSC-committed
cells, had minimal impact on HSC function. In contrast, GATA?2 is required not only
for the specification of HSCs from hemogenic endothelium, but also for their
survival and function (76,78-80). A study that mirrored previous research, where
GATA?2 was depleted from VEC" or Vav" cells instead of RUNX1, validated that
only GATA2 was necessary beyond the point of HSC emergence for the
maintenance of HSCs (76), this way reaffirming its pivotal role in definitive
hematopoiesis. In agreement, imaging studies confirmed GATA?2 expression in the
P-Sp and AGM regions at E9.5 and E10.5, respectively, and later in the E12.5 fetal
liver (81), as well as in HSCs and most progenitors at those sites, and in bone
marrow (82).

Importantly, the dynamics of Gara2 expression at single-cell resolution during EHT
has been described (83). The levels of Gata2 oscillate from lower average levels in
hemogenic endothelium that progressively increased until the formation of IAHCs.
Interestingly, GATA2 shows a pulsatile behavior in single cells, going up and down
with time, suggesting gene expression instability as cells transit between cell fates
(83). These observations highlight how important the tight control of GATA2 levels
is for the development of HSCs. In fact, HSC function is highly dependent on
GATAZ2 dosage, as either overexpression or haploinsufficiency (situation when only
one allele or copy of a gene is active) can result in significant decline of the HSC
pool, accompanied by increased quiescence, and a reduction in HSC reconstitution
capacity (79,84,85). RUNXI1 haploinsufficiency, on the other hand, has milder
outcomes, resulting in the premature appearance of HSCs in the embryo (67) and in
the reduction of the HSC numbers, but with increased engraftment potential and no
significant impact to blood lineage differentiation (86). Nevertheless, the
cooperative action of GATA2 and RUNX1 is crucial for the specification of HSCs,
as Gata2"":RunxI™~ double heterozygous mice die during development, despite
individual mutants (Gata2™”~ or RunxI"") produce viable mice (although with
inherent hematopoietic deficits) (87).

Recently, genome-wide approaches, such as chromatin immunoprecipitation
followed by sequencing (Chip-seq) and single-cell transcriptomics, have enabled a
more comprehensive study of the TF networks governing blood development and
hematopoietic stem and progenitor cell (HSPC) function, facilitating the discovery
of novel regulators and protein complexes associated with hematopoiesis (8§7-91).
In particular, a combinatorial interaction between seven TFs, namely TAL1, LYLI,
LMO2, GATA2, RUNXI1, ERG, and FLI1 was described in an immortalized mouse
cell line resembling embryonic multipotent hematopoietic precursors (87,92). These
HSPC-related TFs targeted genes associated with transcriptional control, signaling,
apoptosis, and cell cycle.



GATAZ2 role in normal and malignant
hematopoiesis

GATA2 (GATA-binding protein 2) is a member of the GATA family of TFs named
after the consensus nucleotide sequence (A/T)GATA(A/G) which they bind to
through two highly conserved zinc finger (ZF) domains (93,94). The N-terminal ZF
(N-ZF) is responsible for stabilizing DNA-protein complexes and providing
specificity to DNA binding, whereas the C-terminal ZF (C-ZF) recognizes and binds
to GATA consensus sequences (95-97). Also, both ZFs are critical for the
interaction of GATA2 with multiple partner proteins which drive lineage-specific
gene expression (98). In addition to the ZFs that compose the DNA-binding domain
(DBD), GATA2 has two transactivation domains, a nuclear localization signal
(NLS) and a negative regulatory domain (Figure 3) (98,99). GATA2 is highly
expressed in the immature hematopoietic cell compartment, especially in HSCs,
where it controls cell quiescence, self-renew, and proliferation (78-80,99). In
downstream progenitors, GATA?2 is responsible for the regulation of GMP function
and differentiation (100), and for the fate decisions between erythroid and
megakaryocyte lineages (101,102). While GATA2 downregulation by GATAI is
necessary for erythropoiesis, increased GATA2 levels are required for
megakaryocyte development (102). Fate decisions within the myeloid lineage are
dependent on the interplay between GATA1, GATA2 and PU.1. PU.1 inhibits
erythroid differentiation by interfering with GATA1’s ability to bind to DNA (103),
and simultaneously downregulates GATA2 to drive terminal macrophage
differentiation (104). Conversely, generation of mast cells requires the cooperative
and additive functions of GATA2 and PU.1 (104).

In the absence of GATA2 there is no definitive or adult hematopoiesis (76). Gata2"~
mice are viable but have reduced numbers of functional bone marrow HSPCs, and
reduced ability to generate hematopoietic colonies in colony-forming unit (CFU)
assays from bone marrow and embryonic hematopoietic tissues (78,85).
Furthermore, the decrease in the number of hematopoietic colonies results from a
selective decline in the GMP numbers and function, caused by disruption in the
expression of the NOTCH target and HSPC regulator Hes-I gene (100).
Surprisingly, peripheral blood cell counts and bone marrow cellularity in the adult
mice are normal (85), suggesting that lower levels of GATA2 (2-fold decrease in
the immature cell compartment of the bone marrow) are still sufficient to support
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adult hematopoiesis in the mouse. Nevertheless, the same is not observed in the
human system.

Heterozygous autosomal dominant or sporadic germline mutations in the human
GATAZ2 gene resulting in haploinsufficiency lead to GATA2-deficiency syndrome
(105,106). This syndrome is characterized by three clinical manifestations: 1) a
propensity to develop pre-leukemia, also known as myelodysplastic syndrome
(MDS), which may progress to acute myeloid leukemia (AML) (107); 2) Emberger
syndrome (108); and 3) MonoMAC and dendritic cell, B and NK lymphoid
deficiency (109—112). MDS and AML are characterized by an exceeding number of
immature myeloid progenitors that cannot differentiate into mature blood cells,
causing anemia and increased risk for bleeding and infections. Emberger syndrome
involves localized tissue swelling caused by defects in the lymphatic system
(Iymphedema) and MDS/AML. MonoMAC syndrome is an immunodeficiency
disorder characterized by a profound reduction in the numbers of monocytes
(monocytopenia) and a higher susceptibility to infections, particularly by a group of
bacteria known as Mycobacterium avium complex (MAC). This syndrome is also
associated with decreased numbers of dendritic cells, B cells and NK cells. The
mutations giving rise to these manifestations are mainly composed of two types: N-
terminal frameshift mutations that lead to the early termination of GATA2 protein
synthesis, and missense mutations resulting in amino acid substitution in the ZFs,
with the majority occurring in the C-ZF (Figure 3) (113). Contrary to germline
GATA2 mutations, somatic mutations found in the ZFs of adult AML patients
happen preferentially in the N-ZF (113,114) and are associated with a better clinical
outcome (115).

Considering the role of dendritic cells in initiating adaptive immune responses by
presenting pathogenic antigens to T cells, and the fact that this population is severely
reduced in GATA2-deficiency syndrome, a recent study aimed to determine the role
of GATA2 in dendritic cell development (116). Since either non-conditional or
conditional KOs result ultimately in embryo lethality before birth (76,78,117) and
heterozygous KO mice (Gata2"") do not exhibit alterations in mature blood cell
types (85), Onodera et al. used an inducible conditional KO system where Gata2
expression was inactivated in adult mice in vivo or in specific isolated cell types in
vitro (116). Gata2 deletion in vivo led to a decrease in the dendritic cell population,
and impaired dendritic cell generation in vitro from LSK cells, CMPs, and common
dendritic cell precursors, but not from CLPs, suggesting that GATA2 plays a role in
the myeloid route of dendritic cell differentiation. However, none of the mice
developed MDS or AML and therefore, there is a strong need of more
comprehensive mouse models to mimic the complexity of GATA2-deficiency
syndrome, in pre-clinical settings.
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Figure 3. Domain composition of the canonical GATA2 protein and most frequent mutations
associated with GATA2-deficiency syndrome. GATA2 is a 480-amino acid (aa) long TF that contains
two zinc finger (ZF) domains: an N-terminal ZF (N-ZF) and a C-terminal ZF (C-ZF) that form the DNA
binding domain. Additionally, GATA2 has two transactivation domains (TADs), a nuclear localization
signal (NLS) and a negative regulatory domain (NRD). The type and frequency of GATA2 mutations are
shown. The most frequent aa substitution mutations include the replacement of a threonine (T) with a
methionine (M) at residue 354, an arginine (R) with a glutamine (Q) at residue 396, and an R with
tryptophan (W) at residue 398. Also, insertion and deletion (Indel) mutations have been reported.
Adapted from Rodrigues et al., 2012 and Collin et al., 2015.
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Hematopoietic Stem Cells

HSC:s are a rare population of multipotent, self-renewing cells that reside in the bone
marrow and give rise to all differentiated blood cell types, through hematopoiesis.
The identification of these cells came after a series of studies, published by Till and
McCulloch in the 1960s, provided evidence of a putative long-lasting blood
progenitor (118—120). They showed that the spleen of irradiated mice receiving
bone marrow transplants contained hematopoietic colonies of clonal (or unicellular)
origin, which proliferated and exhibited multi-lineage differentiation potential.
However, cells giving rise to spleen colonies were a mixture of stem and progenitor
populations (121). In the 1990s, single-cell transplantation experiments irrefutably
proved the existence of self-renewing HSCs with the ability to reconstitute the
hematopoietic system of irradiated recipients for prolonged periods of time (122).

Typically, bone marrow HSCs reside in a quiescence or inactive cell cycle state to
protect the stem cell pool from exhaustion, and prevent the occurrence of genetic
mutations that could contribute to the development of blood malignancies
(123,124). Exit from quiescence and re-entry into the cell cycle are defined by
leaving the inactive GO phase and progressing through the cell cycle interphases
(G1, S, and G2), during which cells grow and duplicate their DNA, and ultimately
undergo cell division (also known as mitosis or M phase). Cell cycle engagement
can be triggered by intrinsic (e.g., TFs) and extrinsic (e.g., inflammatory signals)
stimuli to induce symmetric (two HSCs or two progenitor daughter cells) or
asymmetric (one HSC and one progenitor cell) cell divisions, this way promoting
self-renewal or differentiation towards blood (125). However, the predisposition to
enter cell cycle, the degree of self-renewal (reflected by the number of symmetrical
divisions), and repopulation capacity vary among HSCs, thus divining the HSC pool
into two main subpopulations: the long-term HSCs (LT-HSCs) and the short-term
HSCs (ST-HSCs), which are accompanied by differential expression of defined
surface and molecular markers in mouse and human (126—130). LT-HSC are slow
to re-start cell cycle and complete a total of only four symmetric divisions during a
mammals’ lifetime, until they reach a point of complete dormancy (131). When
challenged, these cells are capable of sustaining blood production for over 16 weeks
in primary transplantation assays and can continue to repopulate mouse recipients
in subsequent rounds of transplantation (127,129). In other words, these HSCs
exhibit a robust ability to persist and replenish blood over an extended period,
demonstrating their long-term regenerative potential. LT-HSCs give rise to ST-
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HSCs which are quick to enter cell cycle and respond to hematopoietic demand,
being the main contributors to blood production. These, however, have a more
restricted self-renewal capacity consistent with their ability to reconstitute the
hematopoietic system of immuno-ablated mice for shorter periods (126). Regardless
of their behavior, HSCs possess remarkable therapeutical potential, making the
hematopoietic system one of the most regenerative systems in the human body.

Isolation of hematopoietic stem cells

Identification of HSC subsets and downstream progeny can be achieved by the
detection of specific surface proteins (or markers) that distinguishes the different
cells populations. Flow cytometry is one of the most commonly used methodology
to study hematopoietic cells (132). It enables the analysis of single cells or other
entities, like chromosomes, nuclei, and beads, according to their optical and
fluorescent characteristics. Fluorescent dyes can bind to cellular components like
DNA or RNA, and antibodies attached to fluorescent dyes can target specific
proteins on cell membranes or inside cells. As labeled cells pass by a light source,
the fluorescent molecules get excited and emit energy at higher wavelengths which
is detected by the flow cytometer. Therefore, cell populations can be separated based
on their size, organelle complexity, and immune phenotype when fluorescent-
conjugated antibodies are used (132). Consequently, identification of specific HSPC
populations by combining the detection of several surface markers allows their
isolation through fluorescence-activated cell sorting (FACS) (130,133,134).

CD34, a transmembrane glycoprotein, was the first cell surface marker to be
identified in human immature hematopoietic cells (135,136). Since its discovery,
CD34 has been extensively used to obtain HSPCs for both research and clinical
applications (137). Nevertheless, CD34 alone is not sufficient to purify LT-HSCs,
which led to the identification of other markers to enrich this rare cell population
(138). The marker CD90, also known as Thy1, was identified in CD34" mobilized
peripheral blood HSPCs, within the cell population that lacks the expression of
mature hematopoietic markers (such as Grl, B220, CD3, and Terl19), referred to as
lineage negative (Lin"). Lin CD34"CD90" cells displayed improved engraftment
and higher potential for multi-lineage differentiation in recipients (139). Negative
selection for the progenitor-related marker CD38 and the T lymphocyte marker
CD45RA, further enriched the HSC subset (140—143). However, obtaining pure
multipotent HSCs capable of long-term engraftment is still a challenge. Addition of
the adhesion molecule CD49f enabled the isolation of single cells capable of
generating long-term multi-lineage grafts with high efficiency. Therefore, the most
commonly employed marker combination for efficiently isolating HSCs from
progenitors is CD34"CD38 CD45RA CD90"CD49f". Nonetheless, both long-term
and short-term HSCs share the same surface phenotype (130). Separation of these

39



two subsets can be made based on the efflux of the mitochondrial dye rhodamine-
123 (Rho) and expression of cell cycle cyclin dependent kinases (CDK), where high
efflux (and thus low levels of Rho) and lack of CDK6 are predominant in LT-HSCs
(128-130). Interestingly, Anjos-Afonso et al. characterized a rare self-renewing
CD34" population (Lin"CD34 CD38 CD93") with robust repopulation capacity,
characterized by NOTCH signaling pathway activation and quiescence, indicating
the existence of an immature HSC population, distinct from CD34" cells, that may
be placed on top of the HSC hierarchy (144).

In mice, bone marrow HSCs and MPPs are characterized as Lin Scal c-Kit" cells
since they lack lineage markers but express stem cell antigen 1 (Scal) and the stem
cell factor receptor c-Kit. For that reason, they are commonly referred to as LSK
cells (145,146). Negative expression of the cytokine tyrosine kinase receptor Flt3,
and positive or negative expression of signaling lymphocyte activating molecule
(SLAM) family members, CD150 and CD48 were found to enrich for LT-HSCs
(127,147,148). Currently, mouse LT-HSC subset can be defined by the
immunophenotype Lin Scal ¢c-Kit"CD34 CD150"CD48 Flt3". Additional markers
include the endothelial protein C receptor, and similarly to the human counterparts,
high Rho efflux (149).

Other HSC surface markers which are not routinely used include the tetraspanin
CD9 and angiotensin-converting enzyme (ACE). A study conducted by Karlsson
and colleagues showed that mouse CD48FIt3 " LSK fractions where CD9 expression
was high contained all HSCs with long-term multi-lineage engraftment potential,
including cells that did not fit the typical immunophenotypic profile of LT-HSCs,
such as CDI150" or CD34" cells (150). Moreover, CD9 is expressed in
CD34'CD38"" umbilical cord blood cells and is implicated in their ability to home
the bone marrow (151). When it comes to ACE, this marker is expressed in
emerging HSCs in the AGM region, in the surrounding hemogenic endothelium and
adjacent mesodermal cells, as well as in primitive hematopoietic cells in fetal liver,
and in CD34" umbilical cord blood (152-154). Interestingly, ACE™ mesodermal
pre-hematopoietic cells, localized ventrally to the dorsal aorta, are negative for
CD45 (pan-hematopoietic surface marker present in all nucleated hematopoietic
cells (155)), positive for CD49f and in the earliest stages of AGM development,
negative for CD34 (152,154), suggesting the presence of a ACE'CD34 CD45"
CD49f" mesodermal precursor that gives rise to HSCs emerging in the ventral part
of the dorsal aorta, in the AGM region, through an EHT.
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Functional assessment of hematopoietic stem and
progenitor cells

Several assays can be performed to evaluate HSPC function in vitro and in vivo. A
frequent method used to address hematopoietic progenitor function in vitro is the
CFU assay. This method provides information regarding the type and frequency of
progenitor cells, according to their ability to differentiate and generate lineage-
specific colonies in a methylcellulose-based semisolid medium, supplemented with
hematopoietic cytokines. After 6 to 12 days in culture, colonies are scored under a
microscope to assess colony number and type. Based on their morphology, colonies
can be classified as burst-forming unit-erythroid (BFU-E), CFU-erythroid (CFU-E),
CFU-granulocytes/macrophages (CFU-GM), or individual CFU-M or CFU-G, and
mixed colonies of CFU- granulocytes/erythrocytes/macrophages/megakaryocytes
(CFU-GEMM).

The long-term culture initiating cell (LTC-IC) assay is an extension of the CFU
assay, aimed at evaluating the proliferative potential of cells over an extended period
in culture. This assay is more powerful in quantifying immature HSCPs since they
can survive longer in vitro than CFU progenitors. Individual cells are plated onto
irradiated bone marrow or stromal cells that serve as feeder layers to support the
growth of immature cells. By culturing the cells for 5 to 8 weeks, the resulting cells
can be assessed for their capacity to generate CFUs, enabling the quantification of
primitive hematopoietic progenitors in the original tested cell population (156).
Nevertheless, the stem cell properties of bona fide HSCs can only be truly
investigated by performing in vivo transplantation assays.

LT-HSCs are the only cells capable of long-term and multi-lineage engraftment of
the bone marrow. HSCs' ability to reconstitute the hematopoietic system can be
assessed in primary transplantations, while self-renewal can only be evaluated
through consecutive transplantations into secondary or tertiary recipients (157).
Prior to transplantation, recipients usually undergo an irradiation procedure to
promote myeloablation, thereby reducing a possible rejection of the graft, and to
create space for donor cells. Failure to reconstitute recipients can indicate decline in
HSC function or numbers in the transplant source.

In competitive transplantation assays, the same number of HSCs from a mouse
model of interest and from a control mouse (normally wild-type) are transplanted
together into a lethally irradiated recipient mouse (158). To help withstanding the
procedure, recipient mice usually receive a defined amount of own whole bone
marrow cells that serve as support. There, input cells will compete, and only the
fittest will home the bone marrow of the recipient and generate hematopoietic
progeny with the same genetic background. If the test cells are functionally
equivalent to the control cells, then the percentage of engraftment will be similar.
Engraftment and contribution to blood can be assessed through the collection of
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cells from the peripheral blood and bone marrow of recipient mice, and can be
distinguished by the expression of CD45 isoforms, CD45.1 or CD45.2. In the case
that control cells are CD45.1" and test cells are CD45.2", the recipient mice can be
positive for both isoforms, CD45.1 and CD45.2, since CD45.1"CD45.2" cells will
appear as a separate population in flow cytometry analysis (Figure 4). Likewise,
the study of human HSC function in vivo has been possible due to the development
of immunodeficient mice strains (159,160).
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Figure 4. Schematic representation of a competitive transplantation assay. Sorted HSCs from a
competitor/control CD45.1 mouse and from a CD45.2 test strain are mixed 1:1 and injected into lethally
irradiated CD45.1/2 recipients, together with support whole bone marrow (WBM) cells. Blood can be
collected for flow cytometry analysis at different time points to address short-term — 4 weeks (w) and 3
months (m) — or long-term (6m) engraftment and evaluate the percentage of test/donor contribution (%
CD45.2" cells). Adapted from Silvériio-Alves et al., 2023.

Clinical applications of hematopoietic stem cells

The first HSC transplantation in a clinical setting (or more precisely, bone marrow
transplantation) was performed by Edward Thomas in 1957. While HSCs and
downstream progenitors were not well characterized at the time, the bone marrow
was already recognized as the primary site for hematopoiesis and was known for its
ability to regenerate irradiated animals (161). In his first attempt, six patients that
had been receiving radiation and chemotherapy were treated intravenously with
healthy bone marrow (162). Unfortunately, only two showed engraftment and no
patient survived passed three months. In 1959, Thomas reported two cases where
infant leukemic patients received bone marrow from their identical twin, but still
with limited success (163). At that time, little was known about donor-recipient
matching, as methods to identify human leucocyte antigen (HLA) complexes,
associated with the distinction between ‘“non-self” from “self” and graft-host
immune reactions, were only developed later in the 1960s (164). With the advent of
HLA matching and a better understanding of HSCs, HSC transplantation became
the gold-standard therapeutic intervention (albeit with its risks) to treat several
conditions, such as blood-related cancers, bone marrow failure, and
immunodeficiency syndromes.
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There are two main types of HSC transplantation. Autologous transplants use
patient-derived HSCs, whereas in allogeneic transplantation HSCs are collected
from (matching) genetic-related or unrelated donors (165). Despite the fact that the
best clinical outcomes are observed when the donor is an HLA-matching sibling,
only 30% of the patients in need of an allogenic transplantation will have that luck
(166). Consequently, allogeneic HSC transplantation is usually associated with graft
rejection by the host immune system, graft-versus-host disease (GVHD) caused by
an immune response of contaminating T cells from transplanted tissues against the
host, and an overall higher risk of transplant-related mortality (165,167). In
autologous transplantation, even though there is no graft rejection or GVHD, there
is a risk of graft contamination with cancer cells that can lead to relapse, and it has
very little to no clinical applicability in the treatment of inherited hematopoietic
disorders (165). The sources of HSCs also vary. These include bone marrow
aspirations, peripheral blood (after HSC mobilization from the bone marrow with
growth factors) (168), and umbilical cord blood (169), although the number of cells
retrieved from the latter is still limited and insufficient to treat an adult (170). The
modality of HSC transplantation and the cell source used to treat and eventually
cure patients depend on the type of blood disorder. Nevertheless, limited donor
matching, low cell number availability, and transplant-related complications still
hinder the full-power application of this procedure (166).

In vitro approaches to generate definitive hematopoietic stem cells

To surpass the constrains associated with HSC transplantation, efforts have been
made towards the ex vivo expansion of definitive HSCs (171). In the bone marrow,
the HSC microenvironment (or niche), cytokines and growth factors produced by
endothelial, immune cells and other cell types at the niche, sustain HSC survival,
self-renewal, and proliferation (172). Historically, attempts to expand and maintain
HSCs ex vivo have met limited success, primarily due to the lack of suitable culture
conditions. Experimental data implied that HSCs gradually lost their self-renewal
ability through repeated cell divisions and long culture periods (173). Recently,
optimization of culture conditions through the titration of naturally occurring
cytokines and growth factors in serum-albumin free systems resulted in significant
expansion of functional HSCs for over a month (174). Nevertheless, the population
obtained was heterogeneous in terms of their self-renewal capacity. Additionally,
high-throughput screenings identified several small molecules with the ability to
expand HSCs in vitro (175,176). The small molecule UM171 (175), showed great
promise in the expansion of umbilical cord blood for transplantation in a recently
completed clinical trial (177).

Other approaches include the de novo generation of HSCs from embryonic or
induced PSCs (iPSCs), and somatic cells (178). PSCs are stem cells that can divide
indefinitely and differentiate into the three germ layers (endoderm, mesoderm and



ectoderm) that compose a whole organism, with the exception of the extra-
embryonic tissues. These cells were originally found in the inner cell mass of
embryos’ blastocysts as embryonic stem cells (ESCs), in both mouse (179) and
human (180), and later, to overcome tissue scarcity and/or ethical issues, were
induced in vitro from somatic cells (181). PSCs are easily expanded and maintained
in culture. However, initial differentiation protocols attempting to recapitulate
definitive hematopoiesis, including EHT, have resulted in multi-lineage progenitors
with no proven long-term engraftment. These progenitors resembled yolk sac
progenitors more than definitive HSCs (178,182—-185).

Additional strategies aimed to combine chemically defined culture conditions with
the addition of TFs that play a role in HSC development and HSC self-renewal to
forward the differentiation of PSCs towards the hematopoietic lineage (186—190).
Ectopic expression of TFs for cell fate conversions will be further explored in the
following chapter. In two examples from the early 2010s, overexpression of a
RUNX1 isoform in human PSCs resulted in hematopoietic progenitors with short-
term engraftment (186), and a combination of HOXA9, ERG, RORA, SOX4, and
MY B induced multipotent progenitors that transiently engrafted mice and generated
myeloid and adult-like erythroid cells (188). More recently, Sugimura et al.
achieved multi-lineage reconstitution in primary and secondary recipients after
transplantation, making it the first study to demonstrate robust iPSC-derived HSC
self-renewal (190). The authors identified 7 TFs (ERG, HOXAS5, HOXAY,
HOXA10, LCOR, RUNXI1 and PU.1) that were sufficient to convert cells
undergoing in vitro EHT into HSPCs that contributed to erythroid and myeloid, as
well as B and T cell output (190). Inducible expression of a single TF (MLL-AF4)
in human iPSCs undergoing differentiation towards blood, was shown to promote
multipotent long-term engraftment of induced HSPCs, however with the caveat that
these cells became prone to leukemic transformation (cancer formation) with
extended engraftment (189). Whether or not the latter attempts are feasible in
clinical practice is yet to be addressed.

Direct cell conversion (or reprogramming) of blood-related and unrelated cell types
has also been a line of research in the pursuit of on-demand in vitro generated
transplantable HSCs.



Cell fate reprogramming

During development, PSCs differentiate into the tissue-specific cell types of
multicellular organisms. The maintenance and transmission of cell fate is controlled
by complex transcriptional and epigenetic mechanisms (191,192). Epigenetics can
be described as the study of heritable changes in gene expression without altering
the underlying DNA sequence. Until the first half of the 20th century, lineage
commitment and cell differentiation were seen as a unidirectional and irreversible
process, as defined by Conrad Waddington’s “epigenetic landscape” model
(193,194). In his model, cells metaphorically behaved like marbles rolling down a
hill, separating into different paths until they reached their final destination, in other
words, a differentiated cell state. From this angle, one may consider cell
differentiation an epigenetic process itself, since starting from one genotype,
multicellular organisms develop various cell types with distinct gene expression
patterns and functions (192). The idea of differentiation as a one-way process was
challenged in the late 1950s by the pioneering work of John Gurdon on somatic cell
nuclear transfer (SCNT) in frogs (195-197). In his most famous experiment, Gurdon
transplanted nuclei from fully differentiated tadpole intestinal cells into enucleated
eggs, resulting in adult frogs that were genetically identical to the respective somatic
cell nucleus donor (196). His discoveries implied, for the first time, that adult cells
could be reprogrammed back to a pluripotent state, challenging the central dogma
in developmental biology at the time. For his achievements, Gurdon was awarded
the Nobel Prize in Physiology or Medicine in 2012. Only later, in the 1990s, was
SCNT used to clone the first mammalians (198,199).

In the second half of the 20th century, another line of research came to light, this
time focused on the fusion of two different cell types to evaluate changes in gene
expression profiles. The fusion of mouse muscle cells with human amniotic cells
produced non-dividing heterokaryons (cells with two or more non-fused nuclei) that
expressed human muscle proteins (200), demonstrating for the first time that silent
genes could be activated in cells where they were normally not expressed. It was
not until the 21% century that scientists were able to reprogram somatic cells to
pluripotency through fusion with ESCs (201,202). Somatic cell-ESC heterokaryons
and hybrids (cell with two or more fused nuclei) differentiated into cells of the three
germ layers and expressed pluripotent genes that define ESC identity (201-203).

Overall, studies on SCNT and cell fusion have shown that the differentiated state of
somatic cells was not static or irreversible, indicating that enucleated eggs and ESCs
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held factors that could rewrite the epigenetic networks controlling cell identity
(204). Nonetheless, the underlying mechanisms responsible for the reprogramming
of cell fates remained poorly understood. In 2006, Yamanaka and colleagues
hypothesized that the factors that were involved in maintaining ESCs’ stemness
should be sufficient to induce pluripotency in somatic cells. By simply
overexpressing four TFs, OCT4, SOX2, MYC, and KLF4, Yamanaka was able to
reprogram fibroblasts into iPSCs (shortly mentioned in the previous chapter)
(181,205). iPSCs formed colonies with ESC characteristics and gene signatures, as
well as contributed to the three germ layers in subcutaneously transplanted mice
(181). The groundbreaking work from Shinya Yamanaka earned him the Nobel
Prize in Physiology or Medicine in 2012, together with John Gurdon, and paved the
way for the establishment of a whole new scientific field: direct cell reprogramming.

Direct cell reprogramming by transcription factors

The idea that defined factors could reshape the fate of a cell actually emerged before
Yamanaka’s work, in the late 1980s, when Lassar and colleagues reported that the
ectopic expression of a coding sequence involved in skeletal muscle determination,
MyoD1 was sufficient to induce myogenesis in mouse fibroblast (206). Even though
the concepts of cell reprogramming and transdifferentiation were unknown or at
least underappreciated at that time, this study contributed to the notion that genetic
regulators such as TFs could specify and modulate cell identity. Essentially, direct
cell reprogramming (or transdifferentiation) is the process by which differentiated
cells are directly converted into a different specialized cell type without going
through a pluripotent state (207). Both cell reprogramming and direct cell
reprogramming fit under the umbrella of cell conversion, as they represent different
routes to change cell identity. Nevertheless, direct cell reprogramming offers a few
advantages over iPSC reprogramming. Firstly, it does not require further
differentiation towards the desired cell type, resulting in a faster and more efficient
procedure. Secondly, it can occur both in vitro and in vivo, making it more suitable
for in situ tissue repair. Lastly, it poses a reduced risk of tumorigenesis, one of the
major concerns in cell reprogramming (207).

Since Yamanaka defined a “cocktail” of TFs capable of reshaping cell lineages,
similar direct reprogramming strategies have been employed to obtain clinically
relevant differentiated cell types both in vitro and in vivo, such as cardiomyocytes
(208-211), hepatocytes (212,213), pancreatic B-cells (214), several types of
neurons, including glutamatergic (215,216), dopaminergic (217-220) and motor
neurons (221), and neural stem cells (222-224). However, the overall efficiency of
reprogramming in most studies is low, reprogrammed cells often need further
maturation in culture and the safety of available methods for delivering gene,
proteins or cells is continuously under debate (207).
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Alternatively, small molecules have been explored as a safer and cheaper option.
Small molecules are cell-permeable low molecular weight chemical compounds that
can interact with cellular targets and modulate signaling pathways or alter DNA
compaction, making it more accessible to other regulatory molecules. For those
reasons, small molecules have been used alone or in conjugation with TFs to induce
changes in transcriptional programs and enhance the reprogramming of different
cell types (225). Successful examples include reprogramming into neurons (226—
228) and cardiac cells (229,230). Nonetheless, small molecules are still unable to
replace every TF combination and the duration of their active effect, plus the timing
of their administration requires extensive investigation (207,225).

Direct cell reprogramming towards hematopoietic fates

In the hematopoietic system, reprogramming strategies were also implemented to
generate both mature and stem/progenitor cells (Figure 5) (231). The first report of
hematopoietic lineage conversion came from the work of Thomas Graf in 1995
(232). By overexpressing GATAI, a key TF for the differentiation of the erythroid
and megakaryocytic lineages, in avian myeloblasts, Graf induced the conversion of
these cells into erythroid and megakaryocyte progenitors. Subsequent studies used
the same TF to facilitate the conversion of several lympho-myeloid progenitors to
erythroid and megakaryocytic cells (233,234). The common link among these
studies was that GATA1, when used alone, was only able to induce reprogramming
in immature cells, suggesting that GATA1 required additional factors to effectively
drive reprogramming in more mature cell types. Indeed, the collective forced
expression of GATAIl, TAL1 and C/EBPa succeeded in reprogramming
differentiated mature B cells into erythroid-like cells (237). Furthermore, GATAI,
TAL1, LMO2, and c-MYC converted mouse and human fibroblasts into primitive-
like erythroid progenitors (236). Addition of KLF1 or MYB to the previous TFs
combination resulted in the expression of adult hemoglobin in reprogrammed cells.
A study from the same group has shown that bona fide megakaryocyte progenitors
were obtained after overexpressing the earlier four TFs (GATAL, TAL1, LMO?2,
and c-MYC) plus GATA2 and RUNX1, which biased the reprogramming process
toward the megakaryocyte lineage (237).

Recently, a lot of efforts have been placed into reprogramming immune cell fates,
especially macrophages/monocytes, dendritic cells, plus NK and T cells, to develop
personalized cancer immunotherapies (Figure 5) (238). Macrophages were the first
to be generated from committed lymphoid cells (pre-T and B cells) (239,240), and
fibroblasts (241), using C/EBPa alone or C/EBPo/ plus PU.1, respectively. The
reprogrammed cells acquired macrophage-like phenotype, morphology, and
function. Interestingly, PU.1 alone converted the same committed pre-T cells into
myeloid dendritic cells, underscoring the importance of this TF for myeloid
development (240). In fact, PU.1 was part of the TF cocktail that was recently used
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to induce a conventional dendritic cell type 1 (cDC1) fate in mouse and human
fibroblasts (242,243). The reprogrammed dendritic cells were able to process and
present antigens at cell-surface, as well as secrete inflammatory cytokines and do
cross-presentation of antigens. Of note, the same TF combination composed of
PU.1, BATF3 and IRF8 reprogrammed mouse and human cancer cells into antigen-
presenting cells (APCs), resembling ¢cDCls in morphology and function (244).
Reprogramming restored the ability of cancer cells to present endogenous tumor-
associated antigens and endorsed cytotoxic T cell-mediated killing. The same way
reprogramming cancer cells to APCs is set to revolutionize the development of
cancer immunotherapies, generating reprogrammed cells with hematopoietic
progenitor/stem-like properties represents the ultimate goal of regenerative
medicine for the treatment of blood disorders.

Pereira et al., have taken advantage of the knowledge generated during
reprogramming to mature cell types to induce a hemogenic program in mouse and
human fibroblasts (245,246). Together, GATA2, GFI1B and FOS reprogramed
transgenic mouse embryonic fibroblasts harboring a human CD34 reporter (hCD34)
into hemogenic endothelial-like precursor cells from which hematopoietic colonies
emerged. Hemogenic precursors exhibited a Promininl"Scal "ThCD34"CD45 cell-
surface phenotype and endothelial-like transcriptional programs. Promininl is a
somatic stem cell marker (247), Scal marks all HSCs and MPPs (130,248) and
CD34 is a very well-characterized hemogenic/HSPC marker (47,55,130,137),
whereas CD45 is found in nucleated blood cells (155). Notably, budding
hematopoietic cells expressed markers and gene expression profiles characteristic
of HSCs (245). The in vivo counterparts of the in vitro generated hemogenic
precursors were later found in the mouse placenta (249). In the human system,
reprogrammed cells could be separated from non-reprogrammed cells through the
expression of CD49f, ACE, and CD34. Mechanistically, GATA2 binds first to its
target genes and then recruits the other factors to both inhibit the expression of
fibroblast genes and enable the expression of endothelial and hematopoietic genes
(246). GATAZ2 targets include the CD34 gene, the murine HSC marker CD9 (150),
the EHT facilitator G-coupled protein receptor GPR56 (250) and RUNXI1. The
transition between cell types reported in vitro resembled the EHT that occurs in the
embryo and placenta, during specification of definitive hematopoiesis.

Several others have attempted to generate HSPCs from fibroblasts (251,252) and
lineage committed blood cells (253), employing different culture conditions and
combinations of TFs (Figure 5), with a range of hematopoietic reconstitution
potentials. Nevertheless, starting with committed blood cells, rather than unrelated
cell types such as fibroblasts, might be unviable from a therapeutic point-of-view
when patients suffer from hematological disorders caused by mutations in
progenitor or stem cell pools. Interestingly, GATA2 was either part of the TF
cocktail or of the gene signature of reprogrammed cells, emphasizing its prominent
role as a master regulator of hemogenic and hematopoietic stem cell specification.
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Starting from endothelial cell sources resulted in reprogrammed HSPC-like cells
with long-term engraftment ability (254,255), possibly due to developmental
proximity of the cell types. As far as reprogramming to HSPCs goes, there is still
no standardized cell source, culture conditions or TF combination to produce bona
fide long-term progenitors for clinical use. Nonetheless, direct cell reprogramming
strategies utilizing lineage-instructive TFs are powerful tools in the study of in vivo
developmental processes that can be difficult to elucidate by other means.

A better understanding of HSC ontogeny is, therefore, crucial for the development
of improved ex vivo expansion and manufacturing protocols for clinical
applications. Genetic tools, such as Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)-based screenings, may prove useful in investigating
the regulators of human hemogenic reprogramming and, ultimately, human EHT
and HSC emergence.
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Figure 5. Direct reprogramming strategies applied in the hematopoietic system. Lineage-specific
TFs reprogrammed hematopoietic and non-hematopoietic cells towards erythroid, megakaryocyte,
dendritic cell, hemogenic endothelium, and hematopoietic stem and progenitor cell (HSPC) fates.
Reprogramming approaches resulting in committed cell lineages are highlighted in grey, and immature
fates are highlighted in blue. The year the studies were published is shown.
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The CRISPR/Cas9 system

Discovery and mechanism of CRISPR/Cas complexes

Clustered regularly interspaced short palindromic repeat DNA sequences were
initially discovered in 1987 in Escherichia coli and consisted of repeat elements
separated by non-repeating DNA sequences, also known as spacers (256). Later,
CRISPR elements were found in many bacteria and archaea (257), adjacent to
various conserved genomic sequences called CRISPR-associated (Cas) genes (258).
Cas genes encode proteins, i.e., enzymes, with both helicase and nuclease activities,
capable of opening and cutting DNA (258). It was only after two decades following
its initial discovery that scientists successfully attributed a function to the
CRISPR/Cas system, identifying it as an adaptive immune system acting against
bacteriophages and during plasmid transfer (259-261).

Mechanistically, upon infection, bacteria containing CRISPR sequences integrate a
segment of phagic DNA in its genome as a new spacer region (261). CRISPR
elements then undergo transcription and maturation into a single CRISPR RNA
(crRNA), containing a protospacer sequence of 20 nucleotides that binds to the
exogenous DNA through complementary base pairing (260). Besides the crRNA,
the endogenous CRISPR system also requires another short RNA molecule, the
trans-activating ctRNA (tractrRNA) (262). While the mature crRNA serves as a
guide for the CRISPR-associated protein 9 (Cas9), the tracrRNA forms a complex
with the crRNA to facilitate the Cas9 protein-RNA complex formation. Recognition
of the exogenous sequence by the dual-RNA structure prompts Cas9 to introduce
double-strand cuts in the foreign DNA, resulting in its disruption and subsequent
inactivation (262,263). Importantly, it was shown that the CRISPR system from one
bacterium could be transferred to a different bacterium (264), and that Cas9 could
be manipulated to target specific DNA sequences (262,263). In addition, the
CRISPR-Cas9 system could be directed using a chimeric RNA formed by fusing
the crRNA and the tractrRNA into a unified molecule - a single guide RNA (sgRNA)
(262).

The successful recognition of the sgRNA requires the presence of short sequences
rich in guanine, termed protospacer-adjacent motifs (PAMs) (265). Even though
scientists have adapted various CRISPR/Cas systems for genome targeting, the most
commonly used Cas9 is derived from Streptococcus pyogenes (SpCas9) (266).
SpCas9 recognizes a common PAM sequence with the sequence NGG in the
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genomes of most organisms, enabling the targeting of any DNA sequence located
close to that PAM (267). This feature has opened avenues to use the CRISPR/Cas9
system as a promising genome-engineering tool.

The induced double-strand break can be repaired mainly through two different
mechanisms: non-homologous end-joining (NHEJ) or homology-directed repair
(HDR) (Figure 6) (268). NHEJ is the most frequently used mechanism by mammal
cells in the absence of a complementary template sequence (269). This pathway is
efficient, but prone to errors. During NHEJ, DNA is repaired by directly ligating the
broken ends together with random nucleotides, normally leading to frameshift
mutations, or base insertions and deletions at the break site that disrupt gene function
(270). The HDR pathway requires the presence of an exogenous DNA template,
either single-stranded or double-stranded, to fill in the gap created by Cas9. These
template sequences contain homologous regions, known as homology arms, which
are complementary to the 5’ and 3’ adjacent regions of the break. Moreover, DNA
templates can be modified to accommodate engineered sequences placed between
the homology arms (271). Consequently, DNA repair mechanisms have been
harnessed and tailored to achieve numerous CRIPR/Cas9 applications in eukaryotes
(272).
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Figure 6. Schematic representation of the CRISPR/Cas9 system and mechanisms of DNA repair.
The CRISPR/Cas9 complex is composed of a single guide (sg) RNA that directs Cas9 double-strand
cuts at a target sequence, juxtaposed to a protospacer-adjacent motif (PAM). Double-strand breaks are
repaired by the non-homologous end-joining (NHEJ) pathway leading to random mutations, including
insertions and deletions, or by homology-directed repair (HDR) in the presence of a DNA template. The
DNA template contains two homology arms and can be engineered to insert any desired sequence at
the break site.
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Applications of CRISPR/Cas9

Genetic models

Among many variations, one of its main applications is to allow targeted gene
manipulation through the generation of KO or knock-in (KI) cell lines and animal
models. KO mice can easily be generated by injecting Cas9 messenger RNA
(mRNA) or protein, together with sgRNAs targeting one or multiple genes of
interest to fertilized mouse zygotes and allowing the DNA breaks to be repaired by
NHEJ (273). Errors caused during repair often result in gene disruption and loss of
protein function. This type of model is very useful when studying the function of
specific proteins in vivo or in vitro.

On the other hand, HDR is used when trying to achieve precise gene editing or create
more complex KI mouse models by inserting reporter genes or protein tags, such as
fluorescent proteins. One way to utilize precise gene editing is by generating
specific mutations in mice responsible for human diseases (274). Disease modeling
in transgenic organisms has the additional advantage of enabling drug testing in a
controlled environment. Moreover, multiplex delivery of sgRNAs allows the
investigation of polygenic diseases, i.e., affecting more than one gene, such as
diabetes, cardiovascular diseases, neurodegenerative diseases, schizophrenia, and
autism (275).

Interestingly, to overcome challenges in delivering the large Cas9 molecule to
somatic cells, Platt and colleagues generated a Cas9 gene KI mouse for efficient
genome editing in multiple tissues in vivo using both viral and nonviral sgRNA
delivery methods (276).

Gene therapy

Gene therapy is the application of genetic materials and related techniques to cure
human diseases caused by genetic mutations, involving the replacement of impaired
genes with healthy, functional ones (277). The most commonly used carriers of
engineered genomic components are viral vectors, such as adenoviruses, adeno-
associated viruses and lentiviruses. Due to its flexibility and versatility of
applications, the CRISPR/Cas9 system has been used in conjunction with well-
established delivery methods to correct cancer and disease-inducing genes.

Examples in the hematopoietic system include Sickle Cell Disease (SCD) and -
Thalassemia, two monogenic disorders that affect hemoglobin production in RBCs.
Both diseases are caused by mutations in the hemoglobin B subunit gene (HBB),
resulting in impaired erythropoiesis. In this context, CRISPR KO of the TF
BCL11A in CD34"HSCs from two patients with SCD and B-Thalassemia lifted the
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suppression of fetal hemoglobin that compensated for the abnormal adult type and
led to the attenuation of the diseases (278). Since SCD is caused by a defined single
amino acid substitution, recent efforts were proven successful in correcting that
mutation in patient’s HSCs ex vivo (279). This approach used a combination of Cas9
protein with a chemical improved sgRNA and adeno-associated viral delivery of the
correct DNA sequence to achieve homologous recombination at the HBB locus. A
following study by the same group focused on the safety, efficacy, and toxicology
of HBB gene correction in mobilized CD34" cells from healthy and SCD patient
donors (280). Importantly, immunocompromised mice transplanted with edited
human cells did not show abnormal hematopoiesis, genotoxicity, or tumorigenicity,
setting the stage for clinical trials in patients with SCD.

Nevertheless, the limitations of CRISPR platforms need to be carefully addressed
to ensure efficient and safe biomedical benefits. These include undesired off-target
effects and NHEJ leaking in HDR systems, which can cause on-target effects, such
as the formation of micronuclei with parts or whole chromosomes outside the main
nucleus in cells, and chromosomal rearrangements (281).

Genomic screenings

Delivery of sgRNA pools targeting virtually all genes can be used to disturb
thousands of sites simultaneously, thereby enabling unbiased genome-wide
functional screens to identify genes and proteins involved in different cellular
processes. In this context, positive and negative selection screens have been
performed in human cells by introducing loss- or gain-of-function mutations
(282,283). Shalem ef al., delivered a genome-wide sgRNA library targeting more
than 18,000 genes via lentivirus to human cells. The library was initially utilized in
a negative selection screen to identify survival genes in both the melanoma A375
cell line and the stem cell line HUES62. Deep sequencing revealed important
ribosomal genes, evident from the lack of sgRNAs targeting these genes in viable
cells. Additionally, in the same study, researchers identified drug-resistant genes in
the A375 cell line through a positive selection screen, resulting from the selective
advantage caused by a gain-of-function mutation present in the surviving cells
(282).

Similarly, genome-wide CRISPR/Cas9 screens have been used to identify positive
and negative regulators of immune cell processes in human T cells (284) and mouse
dendritic cells (285). Likewise, this tool could be useful in the discovery of
regulators of HSPC self-renewal and differentiation, as well as in the identification
of new therapeutic targets for the treatment of blood malignancies, such as AML
(286). In fact, Yudovich and Béckstrom have developed a combinatorial approach
using lentiviral delivery of sgRNAs followed by transient expression of Cas9
mRNA introduced by electroporation in human cord blood-derived CD34" HSPCs
(287,288). High editing efficiency was obtained for two surface markers and edited
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cells were capable of engrafting and reconstituting the hematopoietic system of
immunodeficient mice (287). This approach was later expanded to allow dual gene
targeting and traceability of edited cells through the addition of fluorescent tags
(288). Large screens are yet to be reported in HSCs. This might be due to difficulties
in delivering the large Cas9 gene/protein or in acquiring enough homogeneous
HSCs to maintain sgRNA representativity, wherein the utilization of a higher
number of sgRNAs corresponds to an increased requirement for cells to achieve an
identical representation of each sgRNA.

Knowledge from CRISPR/Cas9 KO screens in HSCs could then be applied to
improve current methods for ex vivo HSC expansion and generation from iPSCs or
alternative cell types. Moreover, the possibility of correcting defected genes using
patient’s somatic cells before iPSC or direct cell reprogramming is very enticing.
Indeed, this technology has already been utilized in the context of cell
reprogramming (289,290). A CRISPR/Cas9 KO screening identified the zinc finger
protein Zfp266 as the most robust barrier to the generation of iPSCs from mouse
fibroblasts (290), and loss of the epigenetic regulator Dmapl kept cells in a
progenitor state during cardiac reprogramming (289). Thus, CRISPR/Cas9
screening platforms could also prove useful in investigating the regulators of human
hemogenic reprogramming and HSC specification.

Understanding the molecular drivers of hemogenic reprogramming will contribute
to improving the efficiency and fidelity of the process. In this regard, TFs are major
molecular players in the instruction of cell fates, as demonstrated by their use in cell
reprogramming studies. Even though the role of many TFs for tissue-specific gene
expression during interphase has been extensively studied, few reports have focused
on their role in mitosis for the acquisition and maintenance of lineage identity
(291,292).



Transmission of cell fates through
mitosis

During mitosis, cells undergo dramatic changes in nuclear organization and gene
expression. The processes of chromatin condensation, nuclear envelope breakdown,
detachment of RNA polymerase from chromosomes, and dispersion of TFs
throughout the cytoplasm collectively result in the reduction of transcription to basal
levels (293-296). Following mitosis and nuclear reassembly, transcriptional
patterns of gene activation and repression must be reestablished in daughter cells,
according to the cell lineage. These transitions between different states of gene
expression impose a challenge for the preservation of cell identity. Therefore,
several epigenetic mechanisms must be implemented to ensure proper lineage
commitment. Classic mechanisms include the preservation of DNA methylation
patterns in promoter regions for gene silencing, the propagation of post-translational
histone modifications and small interfering RNA (siRNA)-mediated gene silencing
(191,291).

DNA methylation is a well-characterized epigenetic mechanism that is inherited
through cell division (297,298). Long-term gene silencing mediated by DNA
methylation is crucial for the regulation of cell type-specific expression patters, X
chromosome inactivation and repression of repetitive elements. During each cell
division, the patterns of DNA methylation, particularly at cytosine-guanine rich
regions known as CpG islands located near promoter sites of genes, are
reestablished after DNA replication (298). Restoration of DNA methylation states
before the next S phase is critical for the maintenance of cell identity.

Nevertheless, there are indications that this mechanism may not be enough to
successfully transmit transcription profiles through the cell cycle. For instance, it
has been shown that the DNase I hypersensitive sites in the human Asp70 locus
remain open in mitotic chromatin, suggesting the presence of an “epigenetic mark”
necessary to keep that region accessible (294). Years later, the TF HSF2 was
reported to bind to the Asp70i promoter during mitosis to prevent condensation at
that site and keep it open (299). This factor was compared to a “bookmark”, which
marks the last page read from a book and allows the reader to resume from where
they stopped (300). Since then, several general and lineage-specific TFs were found
to bind to condensed chromosomes and mark specific chromatin sites during
mitosis, a mechanism termed “mitotic bookmarking” (301,302).
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This mechanism is not unique of TFs. Post-translational modifications in histone
proteins have been recognized as another level of chromatin mitotic bookmarking
(303,304). Histones are core protein components of chromatin responsible for
organizing DNA in the nucleus into repetitive, compact units called nucleosomes
(305,306). Each nucleosome is composed of DNA wrapped around a histone
octamer formed by two copies of four histone proteins: H2A, H2B, H3, and H4.
Post-translational modifications, such as acetylation and methylation at lysine (K)
of H3 and H4 play a critical role in regulating gene expression and directing gene
silencing or activation patterns in mother and daughter cells (307,308). For example,
trimethylation of H3K9 and H3K27 are associated with a repressive chromatin state,
while di- and trimethylation of H3K4, and acetylation of H3K27 and H4K16 are
associated with active chromatin. Interestingly, histone methylation marks are
highly retained in mitosis, whereas acetylation marks are overall decreased
(303,307,308). Importantly, levels of H3K27 acetylation were comparable between
asynchronous and mitotic ESCs (303). This “active enhancer” mark was found in
promoters of housekeeping genes, as well as at enhancer regions of pluripotency-
associated genes, suggesting a role for the transmission of stem cell identity after
mitotic exit.

Mitotic retention and bookmarking by transcription
factors

Contrary to the initial belief that mitotic chromatin was silent and voided of TFs,
numerous TFs have been reported to decorate condensed chromatin during cell
division in recent years (301,302,309). Mitotic chromatin binding or retention can
be defined as the broad association of proteins with mitotic chromatin, visualized
by fluorescent imaging methods. In turn, bookmarking entails a direct physical
interaction with specific genomic sites, normally detected with chromatin pull-down
techniques (Figure 7) (310).

Mitotic bookmarking by TFs was proposed to facilitate the rapid reactivation of
target genes in newborn cells entering interphase, thereby contributing to the
propagation of transcriptional memory and the preservation of cell identity
(301,310). Several studies revealed that the depletion of factors retained on mitotic
chromatin delayed transcription reactivation of target genes upon mitotic exit
(303,311-315). The hematopoietic TF GATAI1, a major regulator of the erythroid
lineage, remains bound to a subset of its target genes during mitosis (311). Mitotic
degradation of GATAL in erythroid cells led to the delayed restart of bookmarked
genes’ expression, along with increased transcription of GATA1-repressed genes,
such as Gata2 and Kit, which are typically present in immature cells. The FOXA1
factor, which is necessary for hepatic differentiation, remains bound to mitotic
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chromatin in live HUH7 adult human hepatoma cells and virtually all FOXA1-
bound sites in mitotic cells are shared with asynchronous cells (312). Furthermore,
FOXAT1 knockdown during mitosis demonstrated that FOXA1 is essential for the
initial activation of target genes following mitotic exit. Likewise, the pluripotency
regulator ESRRB was shown to bind and control early G1 reactivation of
bookmarked genes in ESCs (316). Additionally, Festuccia and colleagues showed
that organized nucleosomal arrays remain intact during mitosis at sites bookmarked
by ESRRB but are disrupted at non-bookmarked sites (317). The authors suggest
that preservation of nucleosomal positioning during mitosis by ESRRB may
facilitate the quick re-establishment of gene expression regulatory complexes at
specific enhancers and promoters. However, these studies did not address the
functional consequences of mitotic bookmarking at mitosis-to-G1 (M-G1) transition
for cell fate commitment or maintenance.
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Figure 7. Mitotic retention and bookmarking by transcription factors. During interphase,
transcription factors (TFs) bind to promoter and enhancer sites to allow gene transcription. In mitosis,
several TFs remain bound to mitotic chromatin and some mark specific promoters/enhancers sites to
prompt transcriptional activation of gene as cells re-enter interphase.

Timely destruction of pluripotency TFs SOX2 and OCT4 in mitotic ESCs
compromised their ability to maintain pluripotency (303,315). The presence of
SOX2 during the M-G1 transition was necessary not only to maintain the
pluripotency lineage fate but also to induce neuroectodermal differentiation (315).
Ectopic expression of a mitotic degradable OCT4 protein together with SOX2,
KLF4 and cMYC, in mouse embryonic fibroblasts, resulted in decreased numbers

of iPSC colonies, plus defects in upregulating the early pluripotency marker Nanog
(303).
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Of note, mitotic retention does not imply mitotic bookmarking, and the reactivation
of gene expression in interphase can be governed by non-bookmarker factors.
BRN2, a regulator of neural identity, was found to associate with mitotic
chromosomes during the proliferation of neural stem cells but did not bookmark
specific genomic regions (or at least DNA-specific interactions could not be
detected). Nonetheless, when BRN2’s ability to bind to chromosomes during
mitosis was compromised, the expression of its target gene, Nestin, was reduced
(309). These findings are in line with observations for FOXA1, in which target gene
expression after mitotic exit occurred regardless of the bookmarked status of the
genes, suggesting that TF accumulation on mitotic chromosomes by nonspecific
binding might be enough to enable reactivation of all target genes (312).

Transcription factor binding (un)specificity during mitosis

The association of TFs with DNA comprises both sequence-specific and non-
sequence-specific interactions (292). Sequence-specific interactions involve the
direct binding of residues within the DBD of TFs to specific DNA bases or
recognition sequences, also known as motifs. These are stronger and last longer than
nonspecific binding, which is mainly dependent on electrostatic interactions (318).
Nonetheless, nonspecific interactions are thought to facilitate the search for
sequence-specific regions (319) and are the predominant interaction responsible for
the observable mitotic chromatin binding/retention (302,309,312). Importantly,
mitotic chromatin binding/retention was correlated with electrostatic properties,
particularly of TFs” DBDs (302). This observation suggests that this specific region
is primarily responsible for DNA engagement, regardless of interaction type.

Fluorescence recovery after photobleaching (FRAP) is commonly used to assess the
dynamic of protein movement between subcellular compartments. In FRAP,
unbound and transiently bound TFs display a rapid recovery of the fluorescent signal
after bleaching cells expressing fluorescent-tagged TFs with a laser beam.
Conversely, a slow signal recovery indicates more stable interactions (320). Single
molecule tracking is a complementary technique that focuses on following the
behavior of an individual particle, allowing the quantification of the time spent by
each tracked particle at a specific subcellular location (321). Overall, binding in
mitosis is more dynamic than in interphase, with TF spending less time (reduced
residence time) bound to chromatin in mitotic cells (312,315,316,322), suggesting
that chromatin interactions are mostly transient and nonspecific.

FOXA1 was found to bind both specifically and unspecifically to mitotic DNA
(312). ChIP-seq analysis revealed specific TF binding to a small subset of interphase
genes. However, dissociation from the majority of interphase targets suggested the
occurrence of nonspecific binding as well. This hypothesis was confirmed by faster
FRAP half-times in mitotic cells compared to asynchronous cells. To further
elucidate the role of specific versus nonspecific binding in the overall association of
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FOXAT1 with DNA, the researchers utilized two mutant GFP-tagged versions of the
TF: one that disturbs specific DNA binding to DNA bases (GFP-FOXA1-NH), and
one that disrupts nonspecific binding to phosphate groups of the DNA backbone
(GFP-FOXA1-RR), affecting only slightly sequence-specific binding (323). When
overexpressed in live mitotic cells, GFP-FOXA1-RR dispersed through the
cytoplasm, while GFP-FOXA1-NH was mainly retained in mitotic chromatin,
demonstrating that nonspecific binding, rather than specific binding, is responsible
for mitotic chromatin binding. In a complementary approach, this time to determine
the relevance of specific and nonspecific interactions to target known FOXA1
genomic sites in mitosis, they used both constructs in a ChIP experiment and showed
that binding to FOXA motifs was only significantly impaired in GFP-FOXA-NH
expressing mitotic cells. These results confirmed that bookmarking is most likely
governed by sequence-specific DNA interactions, and broader chromatin retention
is governed by nonspecific binding.

Methods to study mitotic retention and bookmarking

The apparent misconception that mitotic chromatin was lacking many TFs was most
likely related with the methodology used at that time to visualize proteins at the
subcellular level. Mitotic retention was initially assessed with fluorescent-
conjugated antibodies for the TF of interest, since it allowed probing the localization
of endogenous proteins. However, the most widely used fixation method based on
formaldehyde was shown to quickly disrupt the interactions of TFs with mitotic
chromosomes (322). This disruption occurs through the rapid inward formation of
cross-links between formaldehyde and the TFs, which depletes the cytoplasmic pool
available to bind to chromatin. In turn, KI or overexpression of fluorescent proteins
or tags fused to either N- or C-terminal positions of TFs have solved this, enabling
the visualization of TFs by live-cell imaging, including many that were previously
thought to be displaced (303,315,316,322). Additionally, this technique allows for
quantitative assessments through the comparison of fluorescence intensities
between chromatin and cytoplasm in mitotic cells.

Protein quantification of subcellular fractions by western blotting is also useful for
interrogating the abundance and location of the TFs in mitotic cells, especially when
it comes to detecting proteins in the cytoplasmic or chromatin-bound fractions.
(303). More complex proteomic approaches, such as mass spectrometry of sorted
mitotic chromosomes, are particularly valuable in the identification of new potential
bookmarkers and TF protein complexes that might be established during mitosis
(324). Fluorescent live-cell imaging and proteomic analysis of mitotic cells enable
the assessment of chromatin decoration by TFs, but do not provide information
about sequence-specific binding to genomic targets.

ChIP-seq is the most frequently used methodology to assess sequence-specific
binding of TFs to mitotic DNA. Typically, TFs bind to tens of thousands of sites in
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asynchronous cells. However, this number is reduced to a few thousand or even a
few hundred in mitotic cells, even though global genomic accessibility remains
unaltered (317,322,325). The reduction can be attributed to the transient binding
nature of most TFs during mitosis or to the fact that ChIP-seq involves
formaldehyde fixation, which can disrupt TF binding to mitotic DNA
(303,311,312,315).

Double-fixation methods, involving an initial step of fixation with milder agents
like disuccinimidyl glutarate (DSG), have been demonstrated to improve
immunostaining and ChIP efficiency compared to formaldehyde fixation alone
(317). However, this improvement was not consistent across all tested TFs,
implying that intrinsic properties of the TFs or the binding sites might contribute to
the low number of peaks observed. For these reasons, it is important to obtain pure
population of mitotic cells to avoid signal contamination by interphase cells. Mitotic
populations synchronized with cell cycle arresting drugs, such as nocodazole (that
promotes cell arrest in prometaphase) can be FACS-purified using mitotic specific
antibodies against either H3 serine 10 phosphorylation or phosphorylated
serine/threonine residues followed by a proline, as these are common protein
modifications occurring in mitosis (311,326,327). Another alternative, which is
applicable only to adherent cells, involves performing a simple plate shake-off of
arrested cells, referred to as "mitotic shake-off" (303,316,328). Cells undergoing
mitosis or drug-induced mitotic arrest round up and can be easily collected at high
purities by gently tapping the culture plate. In the future, alternatives to ChIP-seq
that do not require the use of fixatives, such as CUT&RUN can be optimized for
tissue-specific TFs to help overcome some of the current challenges in deciphering
the true extend of TF-binding to DNA in mitosis (329,330).

Methods to address the role of mitotic DNA binding

To address the role of mitotic retention or bookmarking, several groups have
adapted strategies to abrogate TF-DNA interaction during M-G1 transition by either
degrading the TFs or impairing its binding to mitotic chromatin
(303,309,311,312,315,316). Cell cycle transitions are possible due to the cyclic
destruction and synthesis of cyclin proteins (331). Cyclin B1 forms a complex with
cyclin-dependent kinase 1 to facilitate cell division. During cell cycle, cyclin Bl
levels increase and reach their peak in metaphase. The degradation of cyclin B1 is
necessary for cells to exit mitosis and enter the next interphase. This process is
orchestrated by the anaphase-promoting complex, which marks cyclin Bl for
destruction via ubiquitination at the onset of anaphase, thereby enabling the
transition to the G1 phase (332). Using this knowledge, Kadauke and others
generated fusion proteins containing the TF of interest, namely GATA1 (311),
SOX2 (315) and OCT4 (303), and the mitosis-specific degradation (MD) domain of
cyclin B1 (amino acids 13-91) to target TF for destruction at M-G1. Substitution of
an arginine for an alanine (R42A) inactivated the domain and resulted in similar
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protein levels throughout the cell cycle. Mitotic degradation of the TFs led to
delayed expression of bookmarked genes, and in the case of SOX2 and OCT4,
difficulties in inducing or maintaining pluripotency in culture (303,315). In a
different study, FOXA1’s role in the reactivation of its targets after mitosis was
evaluated by siRNA-mediated gene knockdown (312). HUH7 cells were transfected
with siRNA targeting FOXA I, arrested in mitosis and then released at different time
points, and the impact for de nmovo RNA synthesis was measured by the
incorporation of 5'-ethynyluridine (a modified detectable nucleotide). Nascent
transcript quantification confirmed the requirement of FOXA1 for target gene
expression (independently of bookmarking), while non-target genes did not require
FOXAT1 presence for their expression during mitotic exit. More recently, Soares et
al., developed a mitotic-specific dominant-negative approach to address the need of
BRN2 for the reactivation of its target Nestin in early M-G1 (309). The negative-
dominant construct comprised an inducible version of the DBD of BRNA?2 fused to
an mCherry fluorescent protein, flanked by a nuclear export signal. The nuclear
export signal would keep the construct outside the nucleus until mitosis, when
nuclear envelop breakdown exposes mitotic chromatin to cytoplasmic content.
During proliferation of neural stem cells, the negative-dominant construct could not
prevent the association of endogenous GFP-tagged BRN2 proteins with metaphase
chromatin. Nevertheless, reactivation of Nestin expression was impaired in the
presence of the negative-dominant construct, as the number of Nestin transcripts
were significantly reduced, supporting the importance of nonspecific DNA binding
for chromatin engagement and gene reactivation at M-Gl1.
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Aims of the thesis

Hemogenic reprogramming holds promise in addressing challenges tied to HSC
transplantation. However, novel findings regarding the markers and regulators of
hemogenic reprogramming are needed to enhance the efficiency and fidelity of this
system. These discoveries may also shed light on the corresponding in vivo
developmental process, which are finely regulated by key TFs. The importance of
TF-mediated mitotic bookmarking for in vivo lineage commitment during the
development of a living organism remains to be addressed. This is particularly
relevant in the context of developmental hematopoiesis, as cell division is intricately
linked to HSC fate decisions.

Thus, the overarching aim of this thesis is to elucidate the mechanisms controlling
the specification of definitive HSPCs during hematopoietic development and
reprogramming. The main aim can be further divided into three specific aims, each
one addressed in the individual studies included in this thesis:

1. Identify novel markers and genomic targets of GATA?2 at the early stages
of human hemogenic reprogramming (Study I);

2. Identify positive and negative regulators of hemogenic reprogramming
through a CRISPR/Cas9-based screening (Study II);

3. Investigate the role of mitotic bookmarking by hemogenic reprogramming
factors in HSC specification (Study III).
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Summary of results

Study I — Hemogenic Reprogramming of Human
Fibroblasts by Enforced Expression of Transcription
Factors

Until now, no specific phenotype has been identified that differentiates human
HSCs from their precursors, although certain molecules are expressed in developing
HSCs. CD49f encoded by the integrin alpha 6 gene (/TGA6) is a marker of long-
term repopulating HSCs (129) and of mesodermal hemato-endothelial precursors in
human embryos (154). These cells are also positive for ACE (CD143) and may
constitute the earliest precursors of human hemogenic endothelium before the
appearance of CD34" IAHCs (152). Ectopic expression of GATA2, GFI1B and FOS
is sufficient to induce hemogenic fate in mouse and human fibroblasts (245,246).
Reprogrammed cells in the human system express CD49f, ACE, and a small
percentage expresses CD34 (246). These cells upregulate several hematopoietic
genes including the CD9 gene, which is present in mouse HSCs (150) and plays a
role in human HSPC homing (151). CD9 has also been shown to be a direct target
of GATA2 (246). Therefore, CD9 may constitute an additional marker human
hemogenesis.

CD9 is a prospective marker of human hemogenic precursor cells

In paper I, we describe the steps involved in hemogenic reprogramming of human
dermal fibroblasts (HDFs) using a doxycycline inducible vector (pFUW-tetO),
encoding GATA2, GFI1B and FOS individual factors. This paper also includes an
alternative protocol to expand cell numbers for ChIP-seq analysis at day 2 of
reprogramming. Importantly, we described the binding sites for GATA2 in ITGA6
(CD49f) and ACE (CD143) loci when cells are co-transduced with the three factors
or with GATA?2 individually (Figure 8A). Flow cytometry analysis revealed 17%
of CD49f"CD9" cells after 25 days of reprogramming induction. Inside the double
positive population more than 80% of the cells expressed ACE/CD143 and a small
percentage (~1%), CD34 (Figure 8B). Moreover, scRNA-seq of untransduced
HDFs, day 2 unsorted cells, and purified reprogrammed cells at day 15
(CD49f"CD34") and day 25 (CD49f"CD34") demonstrated a gradual increase in the
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expression levels of CD49f, CD9, CD143 and CD34 until day 25 (Figure 8C). ITG6
and CD9 were the first markers to be expressed, with high transcript levels already
present at day 2, followed by ACE at day 15 and CD34 at day 25. Since CD49f is
co-expressed in ACE" cells in the mesoderm ventrally to the dorsal aorta (154), it is
possible that CD9 may also represent an early marker of hemogenic precursors and
hematopoietic specification.

Overall, our results identify CD9 as a prospective marker of human hemogenesis
and illustrate the utility of in vitro hemogenic reprogramming as a platform to study
a complex human developmental process otherwise difficult to assess in vivo.
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Figure 8. CD9 and CD49f are early markers of human hemogenic reprogramming. A, Genome
browser profiles showing GATAZ2’s binding sites (highlighted in grey) at ITGA6 and ACE loci, 2 days after
fibroblasts were transduced with the three individual transcription factors (3TFs) or with GATAZ2 alone.
B, Gating strategy used to evaluate the expression of hemogenic markers by flow cytometry at day 25
of reprogramming. Cytometry plots depict percentage of double positive cells for CD49f and CD9 gated
in the live-cell population (DAPI7). Expression of CD143 and CD34 inside either the double positive or
double negative populations is shown. C, ScCRNA-seq analysis of 253 cells undergoing reprogramming
at different time points. Cells collected at days 2 (unsorted), 15 (CD49f'CD34") and 25 (CD49f'CD34")
were assessed for the expression of ITGA6, CD9, ACE and CD34 genes. HDFs and CD34"* umbilical
cord blood (34+UCB) cells were used as negative control and reference, respectively.



Study II — Identifying Novel Regulators of Hemogenic
Reprogramming with CRISPR/Cas9 Knockout
Screening

CRISPR/Cas9 screens have been used for a wide range of applications including the
creation of mouse models for disease modeling (274), the correction of human
disorders caused by genetic mutations (279), and for the identification of positive
and negative regulators of immune responses (284). In the context of cell
reprogramming, CRISPR/Cas9 screening platforms have been used to identify
barriers of pluripotency induction (290). Thus, similar approaches could be applied
to uncover the regulators of human hemogenesis, through direct cell reprogramming
towards hemogenic cells in vitro.

Optimization of a CRISPR/Cas9 lentiviral delivery system for gene
knockout during human hemogenic reprogramming.

In paper II, we outline a CRISPR/Cas9-based KO screening approach to identify
barriers and facilitators of human hemogenic reprogramming (Figure 9A). We
tested four different multiplicities of infection (MOI) using a constitutive Cas9
lentiviral vector with a blasticidin (BSD) selection marker in a well-established
reprogramming system. In this system, the overexpression of three transcription
factors (PU.1, IRFS8, and BATF3 - collectively known as PIB) induces conventional
dendritic cell fate in HDFs, and successful reprogramming can be measured through
the expression of CD45, among other markers (333,334). Using CD45 expression
as readout, we promoted gene KO by delivering a sgRNA targeting CD45 with a
GFP marker before starting dendritic cell reprogramming (Figure 9B).
Reprogramming efficiency was evaluated inside the GFP" populations and
compared to a positive reprogramming control (HDFs selected for Cas9 and
transduced with PIB, but not with sgRNA-CD45-GFP). Our results indicate that an
MOI of 1 is sufficient to significantly decrease the expression of CD45 (p<0.0001)
(Figure 9B). Consistent with other reports (335,336), we employed an MOI of 1 for
subsequent experiments. Furthermore, no significant differences were observed in
the GFP™ population (data not shown), validating the specificity of sgRNA-induced
KO.

Next, we employed a lentiviral delivery system that contained a GFP-tagged sgRNA
library targeting 116 genes associated with HSC function, as well as (positive and
negative) control targets (337,338). We tested two copy-number of lentiviral
particles and assessed functional MOI by determining the percentage of GFP™ cells.
MOIs inferior to 0.5 have been used to unsure cell uptake of a single sgRNA (339).
In our hands, 2.34x10° copies of lentiviral particles resulted in a MOI of
approximately 0.3 (29.114,3%) in three different HDF donors (Figure 9C).
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Simultaneously, we adapted and optimized the protocol described in paper I to
generate hemogenic cells by delivering constitutive versions of the hemogenic TFs
GATA2, GFI1B, and FOS to HDFs, utilizing a single polycistronic lentiviral vector.
From the six possible formulations, the order of GATA2 followed by FOS, and
GFIIB (GFG®) translated to high levels of both GATA2 and GFIIB proteins
(Figure 9D) and resulted in the highest reprogramming efficiency when compared
to the individual TFs (3TFs), as measured by the expression of CD9 and CD49f
(p=0.016), and CD34 inside the double positive population (p<0.0001) (Figure 9E,
F).

To further enhance the delivery of the optimal polycistronic combination, we
inserted the GFG® sequence onto an alternative lentiviral vector containing a
puromycin (PURO) resistance gene (SFFV-GFG®-PURO). This modification to
allowed us to select transduced cells and obtain strong transcript expression, which
led to the increase of the double positive population, with maintenance of the CD34
cell subset when compared to the original FUW vector (Figure 9G). Consequently,
the proportion of fully reprogrammed viable cells (CD9"CD49f'CD34") showed a
significant increase (p=0.0002) (Figure 9H), emphasizing that using the SFFV
promoter in conjunction with antibiotic selection represents the optimal approach
for hemogenic reprogramming.
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Figure 9. Delivery of CRISPR/Cas9 components to primary human dermal fibroblasts and
establishment of the optimal reprogramming vector for human hemogenic reprogramming. A,
Outline of the experimental approach to identify regulators of human hemogenic reprogramming. Human
dermal fibroblasts (HDFs) were transduced with constitutive Cas9 and selected for blasticidin (BSD).
Then, cells were transduced a second time with the GFP-tagged single guide (sg) RNA library and the
GFP* population was purified. Lastly, GFP* cells were transduced a third time with lentiviral vectors
containing the hemogenic reprogramming factors GATA2 (G), GFI1B (G®) and FOS (F) in optimal order
to induce hemogenic fate in fibroblasts. After 15 days, double positive and double negative populations
for the hemogenic markers CD49f and CD9 were isolated for downstream analysis by next-generation
sequencing to identify barriers and facilitators of hemogenic reprogramming. B, Gating strategy to
determine CD45 expression inside GFP* live cells. Cas9 expressing cells were transduced with a sgRNA-
GFP targeting CD45 and reprogrammed with SFFV polycistronic lentiviral vector comprising PU.1, IRF8
and BATF3 (PIB) sequences, to determine the optimal Cas9 multiplicity of infection (MOI) for efficient
gene knockout. Percentage of CD45" cells after transduction with Cas9 at MOls of 0.5, 1, 2, and 4, at
day 9 of dendritic cell reprogramming is shown. Cells transduced with only the empty vector (MCS) or
PIB, without sgRNA-CD45-GFP, were gated in the GFP~ population to define the negative and positive
controls, respectively. C, Flow cytometry plots used to visualize GFP expression in HDFs from three
donors after transduction with lentiviral particles containing the optimized copy-number of the pooled
sgRNA library to achieve an MOI of approximately 0.3-0.4. D, Western blot analysis showing the
expression of the three TFs at day 5 of hemogenic reprogramming, after HDF transduction with each
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polycistronic construct. Calnexin (CANX) was used as loading control. kDa, kilodaltons. E, Schematic
representation of the GFG® construct under the control of the UbC promoter (FUW-GFGB). Each TF is
separated by self-cleaving peptides, either P2A or T2A. Representative flow cytometry plots depicting
the percentage of CD9"'CD49f" and CD34" (inside the double positive gate) populations at day 15 of
hemogenic reprogramming. F, Percentage of CD9*CD49f" cells and CD34" cells inside the double
positive population for all polycistronic conditions and individual factors (3TFs) at day 15 of hemogenic
reprogramming. FUW-M2rtTa (M2) was used as control. G, Schematic representation of the GFGB
construct under the control of the SFFV promoter, followed by an internal ribosome entry (IRES) and
puromycin (PURO) resistance sequence. Representative flow cytometry plots for the percentage of
CD9*CD49f" cells and CD34" cells inside the double positive population are shown. H, Percentage of
CD9"CD49f"CD34* cells in the FUW-GFG® or SFFV-GFGE-PURO conditions. M2 and SFFV-MCS (MCS)
were used as negative controls. F, H, Statistical significance was analyzed by one-way ANOVA followed
by Tukey’s multiple comparisons test. *p<0.05, ***p<0.001, ****p<0.0001. Mean + SD is shown.

CRISPR/Cas9 screening identifies regulators of human hemogenic
reprogramming

After optimizing the conditions for Cas9 expression, sgRNA library expression, and
hemogenic reprogramming, we conducted a CRISPR/Cas9 KO screening of HSC-
related genes. Briefly, HDFs were selected for Cas9 expression, expanded,
transduced with the sgRNA-GFP library using an MOI of 0.3-0.4, and
reprogrammed with SFFV-GFGP"-PURO. Fifteen days following transduction with
the polycistronic vector, genomic DNA was collected from reprogrammed double
positive (CD9'CD49f") and non-reprogrammed double negative (CD9 CD49f")
sorted cells, as well day 0 (no reprogramming), and sgRNAs were amplified and
sequenced (Figure 10A, B).

To determine the abundance of sgRNAs, we converted individual sgRNA signals
into gene signals and normalized the data using non-targeting genes. Then, we
calculated the signal fold-change (FC), which was log,-transformed, between
reprogrammed samples and day O (baseline), and similarly between non-
reprogrammed samples and day 0. Finally, we plotted the values for reprogrammed
and non-reprogrammed conditions against each other (Figure 10C). From there, we
identified top candidate genes by ranking them, according to the difference in
log,FC  values, and selected those enriched in reprogrammed and non-
reprogrammed samples (Figure 10D). Genes that exhibited an elevated sgRNA
count in the reprogrammed samples, leading to an increased fold-change, were
identified as potential reprogramming barriers. Silencing these genes may
contribute to enhancing reprogramming efficiency. Conversely, genes exhibiting
increased fold-change in the non-reprogrammed population were defined as
facilitators of hemogenic reprogramming (Figure 10D). Our analysis led to the
identification of six barriers (in pink) and three facilitators (in blue).

From the barriers CD44, CD34 and ITG9 have been implicated in the hematopoietic
system. CD34 and CD44 are two markers of intra-aortic hematopoietic clusters in
the AGM region during early hematopoietic development (55,60,91), as well as of
bone marrow HSPCs (137,340). However, our data suggests that initial silencing of
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signal pathways controlled through these transmembrane proteins might be
necessary for hemogenic specification. In fact, the later requirement of CD34 is
consistent with its delayed expression during hemogenic reprogramming, occurring
after CD9 and CD49f, as demonstrated in paper . The Integrin Subunit Alpha 9 (a9,
ITGAY) is a component of the integrin a9f1, expressed in CD34"HSPCs (341). This
integrin plays a role in facilitating the adhesion of HSPC to osteoblasts within the
adult hematopoietic niche. Blocking o981 activity reduces HSPC proliferation
(341), indicating that cells may enter a state of quiescence more characteristic of
LT-HSCs in the absence of a9B1. In the facilitator group, only STAG2 was
described to play a role in hematopoiesis. STAG2, a member of the cohesin
complex, has been reported to cooperate with STAG1 to control the generation of
early endothelial-hematopoietic progenitors in zebrafish, suggesting a role in
developmental hematopoiesis. Moreover, loss of STAG2 in HSPCs results in
decreased HSC quiescence (342), and Stag? full KO mice die by E10.5 (343),
reenforcing its role as a prospective facilitator of human hemogenesis. Additionally,
we identified DDX26B, SLC2841, and SAXO?2 as barriers, and MTFRI and SCARAS
as facilitators, thus establishing these molecules as novel regulators of hemogenic
reprogramming.

In summary, we have identified several barriers and facilitators that might function
as regulators of the hemogenic reprogramming process and human EHT. Further
validation of individual hits in vitro and in transplantation experiments in vivo, will
offer a more comprehensive insight into their molecular mechanisms. Ultimately,
this knowledge can be applied to improve the fidelity and efficiency of human
hemogenic reprograming for the generation of bona fide patient-specific HSCs and
to increase our understanding regarding the specification of hemogenic cells.
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Figure 10. CRISPR/Cas9 screening identified regulators of hemogenic reprogramming. A, Outline
of the KO screening strategy. Cas9 expressing human dermal fibroblasts (HDFs) were transduced with
the GFP-tagged single guide (sg) RNA library at an MOI of approximately 0.3-0.4 and keeping a coverage
of at least 300 cells per single guide. Following fluorescence-activated cell sorting (FACS) of the GFP*
population, cells were transduced with the optimized SFFV polycistronic vector encoding GATA2 (G),
GFI1B (G®) and FOS (F) to allow induction of hemogenic program in fibroblasts. Puromycin (PURO)
selection was performed during reprogramming. Genomic DNA samples were extracted from day 0 (no
SFFV-GFG®) and from day 15 double positive (CD9*CD49f") and double negative (CD9 CD49f")
populations. Prior to sequencing, guides were amplified with custom primers. After next-generation
sequencing, computational data analysis was performed with MAGeCKFlute pipeline. B, Representative
flow cytometry plots showing populations of interest isolated at day 15 of reprogramming, containing the
sgRNA library, after antibiotic selection and staining for CD9 and CD49f. Double negative and double
positive populations were obtained at a purity of approximately 90% and 80%, respectively, from a total
of 3 replicates (one from one donor and two from a different donor). C, Median log: fold-change (FC) of
sgRNA representation. Using day 0 (d0) as baseline for normalization, reprogrammed versus non-
reprogrammed samples at day 15 (d15) were compared for enrichment analysis. The grey area delimits
the cut-off corresponding to 1 standard deviation. Enriched genes in non-reprogrammed cells are defined
as facilitators (blue dots) and enriched genes in reprogrammed cells identify barriers of reprogramming
(pink dots). D, Rank distribution of candidate genes for hemogenic reprogramming barriers and
facilitators according to log2FC difference between reprogrammed and non-reprogrammed cells.
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Study III - GATA2 Mitotic Bookmarking is Required
for Definitive Hematopoiesis

As cells divide, previously stablished lineage-specific patterns of gene expression
must be kept in daughter cells to preserve cell identity. Several TFs have been shown
to facilitate the transmission of epigenetic memory during mitosis by remining
bound to condensed chromatin and by bookmarking specific genomic sites in vitro
(301). However, the relevance of mitotic chromatin binding or bookmarking for
lineage commitment or maintenance in living organisms has not been addressed
before. We have shown that GATA2, GFI1B and FOS TFs are sufficient to induce
hemogenic and hematopoietic fate in fibroblasts (245,246), thus in paper III we
explore the hypothesis that specification of definitive hematopoiesis in vivo requires
mitotic bookmarking activity by hemogenic factors.

GATAZ2 is retained in mitotic chromatin through C-terminal zinc
finger-mediated DNA binding

To address whether reprogramming factors would remain bound to chromatin in
mitosis to facilitate hematopoietic specification in vivo (Figure 11A), we have
analyzed the subcellular localization of each TF by both fluorescence microscopy
and western blotting. HDFs overexpressing GATA2, GFI1B and FOS were initially
blocked in mitosis and the presence of each TF was detected after subcellular protein
fractionation (Figure 11B). GATA2 was mainly found in the chromatin-bound
protein fraction, while GFI1B and FOS were found in the cytoplasmic protein
fraction of prometaphase arrested cells. To confirm these results, we generated
fusion constructs of the TFs with mCherry fluorescent proteins, allowing the
visualization of the TFs using live-cell fluorescence microscopy. Interestingly,
GATAZ2 co-localizes with chromatin during all phases of mitosis, while GFI1B gets
enriched at later stages (anaphase) and FOS is completely excluded from chromatin
(Figure 11C). Moreover, we have obtained similar results when using mouse
embryonic fibroblasts, HEK 293T and the leukemic cell line K562 with endogenous
TF expression (data not shown), suggesting that the mitotic retention function is an
intrinsic mechanism of the TF and is independent of cell context.

Given that the ability to remain bound to mitotic chromatin is an intrinsic property
of GATA2, we proceeded to dissect which protein domains were required for this
mechanism. GATA2 comprises two transactivation domains, one negative
regulatory domain, a nuclear localization signal (NLS) and a DBD (Figure 11D)
(98). The DBD is divided into an N-terminal zinc-finger (N-ZF) and a C-terminal
zinc finger (C-ZF) with homologs sequence, but different functions. The N-ZF has
been implicated in stabilizing DNA-protein complexes and providing specificity to
DNA binding, whereas the C-ZF recognizes and binds to GATA consensus
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sequence (95,97). To define protein regions important for mitotic retention, we
generated mCherry-GATA2 deletion constructs in which the N-terminal, the N-ZF,
the C-ZF and the NLS were removed from the initial Gata2 sequence. We observed
that GATA2 was severely reduced from asynchronous and mitotic chromatin-bound
fractions when the C-ZF, but not the N-ZF was deleted (Figure 11E). The removal
of the NLS also resulted in a decrease in mitotic retention, as determined by live-
cell imaging and western blotting analyses (Figure 11E, F). This observation could
indicate the necessity of a functional nuclear import mechanism, as previously
described for SOX2 (322). However, since we detected GATA2 in the nucleus
during interphase in the absence of the NLS (Figure 11F), it is also possible that
this deletion disturbs the adjacent C-ZF binding function and that other
unrecognized regions might serve as NLS.

To confirm the requirement of C-ZF for mitotic retention, we selected GATA?2 point
mutations frequently found in leukemic and ES patients that influence DNA-binding
affinity (Figure 11D) (344-346). C-ZF mutations associated with GATA2-
dificiency syndrome manifestations, namely AML and/or ES, that were reported to
reduce DNA-binding affinity, including R396Q, R398W, T354M, R361L, and
C373R (344,346) led to a decrease in GATA2 mitotic retention (Figure 11G),
suggesting that DNA-binding is necessary for GATA2 mitotic chromatin retention.
In fact, the NLS deletion construct lacks residues R398 and R396, which supports
the hypothesis that the disruption of GATA2's mitotic retention by this construct is
linked to the need of C-ZF neighboring amino acids for DNA binding. A more
refined deletion or single point mutations within the NLS might be necessary to
properly investigate the role of the NLS for mitotic chromatin retention. Importantly
L359V, which is described to increase GATA2’s DNA-binding affinity (347) and
R362Q, that has a modest impact in binding affinity (344), did not display impaired
mitotic retention. Aligned with its relatively minor role in DNA binding, mutations
within the N-ZF region did not influence the mitotic chromatin retention of GATA2
(data not shown).
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Figure 11. Point mutations in the C-terminal zinc finger domain associated with GATA2-deficiency
syndrome reduce mitotic chromatin retention of GATA2. A, Experimental outline to address the role
of mitotic retention and bookmarking by hemogenic reprogramming transcription factors (TFs) GATA2,
GFIMB and FOS for the specification of definitive hematopoiesis in vivo. B, TF expression in the
cytoplasmic (Cy) and chromatin-bound (Chr) protein fractions of mitotic human dermal fibroblasts (HDFs)
expressing the indicated TF. Histone 3 (H3) and calnexin (CANX) were used as loading controls. C,
Representative live-cell micrographs of HDFs overexpressing mCherry (mCh)-TFs fusion proteins (red)
during mitosis (Pro — prophase, Meta — metaphase, Telo/Ck - Telophase/Cytokinesis). D,
Representation of GATA2 domains highlighting leukemia and Emberger syndrome (ES) point mutations
in the N- and C- terminal zinc fingers (ZFs) of the DNA-binding domain (DBD). Germline mutations
T354M, R361L, C373R, R396Q and R398W are associated with GATA2-deficiency syndrome. TAD —
transactivation domain. NRD — negative regulatory domain. NLS — nuclear localization signal. CML —
chronic myeloid leukaemia. AML — acute myeloid leukaemia. MDS — myelodysplastic syndrome. E,
Protein expression in Cy, soluble nucleus (SN) and Chr fractions of both asynchronous (A, Async) and
mitotic (M, Mit) 293T cells overexpressing deletion constructs. F, Live-cell micrographs of 293T cells
overexpressing mCh-GATA2 deletion (A) constructs (red) excluding the N-terminal (amino acids 1-235),
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N-ZF (287-342), C-ZF (243-379) or NLS (380-440) in interphase (Inter) and metaphase. G, Protein
expression of mCherry-fused GATA2 mutants in the Cy, SN and Chr protein fractions of asynchronous
and mitotic 293T cells, including whole-cell extracts (WCE). Representative cells in metaphase are
shown (right). Histone 2B (H2B)-mTurquoise signal (blue) indicates DNA content. Scale bars, 10 ym.
kDA, kilodaltons.

GATA2 bookmarks regulators of hematopoietic stem and progenitor
cell development and function

To address whether GATA2 also possessed mitotic bookmarking activity, we
examined the genome-wide occupancy of endogenous GATA?2 in asynchronous and
FACS-purified mitotic K562 cells through ChIP-seq. Our analysis revealed that
GATAZ2 binds to a subset of its interphase targets during mitosis (1,598 peaks),
which accounts for 15% of interphase genes. This finding thereby confirms that
GATAZ2 is indeed a mitotic bookmarking factor. (Figure 12A). Next, to assess the
differences in binding affinity of GATA2, we performed K-means clustering of
asynchronous peaks, which resulted in three clusters (Figure 12B). Seventy-one
percent of bookmarked peaks overlapped with cluster 1, which comprised a small
fraction (9.5%) of GATA2 peaks in asynchronous cells exhibiting the highest peak
intensities. This implies that GATA2 bookmarks sites with high TF affinity. Cluster
3 accounted for only 3% of the overlapped peaks and was consequently excluded
from further analyses. With the previous observation in mind, we examined the
density of binding sites by calculating the number of GATA2 binding motifs per
peak within each group (Figure 12C). Notably, mitotic peaks contained
significantly higher number of GATA2 motifs when compared to asynchronous
peaks (KS test, p<0.05). This result suggests that GATA2 mitotic bookmarking is
influenced by a pre-existing motif organization, where accumulation of GATA2
motifs translates to higher chromatin engagement during mitosis.

De novo motif enrichment analysis revealed that GATA2 binds preferentially to
GATA, RUNX, and ETS motifs in mitosis (Figure 12D), suggesting TF
cooperation with relevant hematopoietic factors. Building on this finding, we further
explored the collaboration of GATA2 with other crucial factors for hematopoiesis
and HSPC specification in both asynchronous and mitotic cells. These factors
included the "heptad" TFs TAL1, LYL1, RUNXI, ERG, and FLI1, as well as PU.1
(ETS family), MYB, PBX, GFI1B, FOS, HES1, MEISI, and HLF (61,73,87). We
noticed a pronounced degree of motif co-occurrence within GATA?2's mitotic peaks,
particularly involving “heptad” TFs, PU.1 and FOS binding sites (Figure 12E). This
observation points towards the retention of TF complexes and cooperative
interactions with GATA2 during mitosis.

Regarding the overall distribution of the peaks in the genome, GATA2 binds to
similar genomic regions in asynchronous and mitotic cells, with preference for
promoters and active enhancers (Figure 12F). Interestingly, we observed a 1.8- and
2.2-fold binding decrease at “weak enhancer” (EnhWk, marked by H3K4mel) and
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“bivalent enhancer” (EnhBiv, marked by H3K4mel and H3K27me3) chromatin
states respectively, attributed to lower mitotic retention at sites decorated with those
marks (Figure 12F-H). Furthermore, upon integrating our data with histone mark
databases from the ENCODE project for K562 cells (353), we observed that sites
marked with H3K36me3 and H4K20mel (transcription elongation marks) (354),
were also depleted at mitotic peaks (Figure 12G, H). With respect to DNA
accessibility, we did not identify significant differences between mitotic and
asynchronous peaks, particularly within cluster 1 (Figure 12G, H). This indicates
that chromatin accessibility does not pose a barrier for mitotic bookmarking, which

aligns with previous reports (322).
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Figure 12. GATA2 bookmarks a subset of its interphase genes and binds to regions depleted of
specific histone marks in mitosis. A, Venn diagram showing the number of ChlP-seq GATA2 peaks
and genes shared between asynchronous (Async) and mitotic (Mit) K562 cells. Async-only refers to non-
bookmarked peaks and genes in asynchronous cells. B, K-means clustering of Async (left) and Mit peaks
(right). The percentage of mitotic (bookmarked) peaks overlapping with asynchronous peaks in each
cluster (C) is shown. The 42 mitotic-unique peaks are not shown. C, Number of GATA2 motifs in Async-
only peaks, mitotic peaks and mitotic clusters 1 (C1) and 2 (C2). D, De novo motif enrichment analysis
for GATA2 mitotic bookmarked target sites. Top ten motifs are shown with respective p-values. E,
Percentage of GATA2 peaks with motifs for relevant HSPC regulators. F, Enrichment heatmap of
chromatin states representing the percentage of genome occupancy by GATA2 per group of peaks.
Scale represents the percentage of peaks in each genomic segment. TSS — Transcription start site. G,
Integration heatmap with histone marks, DNAse-seq and ATAC-seq data for K562 cells (ENCODE).
Scale represents the accumulated sum differences across bins between Async-only and Mit peaks and
clusters. H, Histone marks and ATAC-seq profiles at peak summit (centre).

GATAZ2 is necessary at mitosis-to-G1 transition for definitive
hematopoiesis in vivo

To address the role of mitotic retention and bookmarking in vitro and in vivo, we
utilized the MD domain of cyclin B1 and a mutated non-functional version (MDinut)
as an internal control. First, we induced hemogenic reprogramming in HDFs with
MD-GATA2 or MDpnGATA2, in combination with GFI1B and FOS, and
followed the expression of the hemogenic marker CD9 for 12 days (Figure 13A).
We noted a delay in CD9 expression when GATA2 was degraded during the M-G1
transition (Figure 13B), suggesting that GATA2 might have a role in hemogenic
specification during this transition.

Based on the outcome obtained in vitro, we proceeded to create a mouse model in
which the MD domain was inserted upstream of the Gata2 gene using CRISPR-
Cas9 technology (Figure 13C). The insertion of the MD sequence in both Gata?2
alleles resulted in mouse lethality, as homozygous pups could not be generated from
two independent injections of edited ESCs (data not shown) or by crossing
heterozygous mice (Figure 13D). Surprisingly, MD homozygous mice died at the
onset of definitive hematopoiesis, between E10.5 and E11.5 (Figure 13D, E),
phenocopying Gata2 knock-out mice (76), as no heartbeat was detected past E11.5.
Morphological analysis of E10.5 and E11.5 MD-Gata2 embryos showed that
MD/MD embryos were smaller and paler, particularly at E11.5, with evident lack
of blood (Figure 13E). The insertion of the MDny sequence, however, did not
impaired embryonic development (Figure 13E), confirming that the observed
impact derived from the degradation of GATA?2 at the M-G1 transition. Moreover,
flow cytometry analysis of MD-Gata2 embryonic erythroblasts revealed severe
anemia at E11.5 (Figure 13F), likely serving as the primary factor contributing to
embryo mortality.

To assess the impact of GATA2 degradation at M-GI1 transition in definitive
hematopoiesis we first analyzed embryos and IJAHC formation by whole-embryo
mounting followed by immunohistochemistry. At E10.5, we noted the depletion of
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hematopoietic clusters in the ventral region of the dorsal aorta and a significant
reduction in the dorsal region, among MD homozygous embryos (Figure 13G, H).
As a complementary approach, we performed CFU assays at E9.5, E10.5 and E11.5
using cell suspensions from different hematopoietic tissues (Figure 131-K). At E9.5
the number of colonies obtained from yolk sacs were comparable between
genotypes (Figure 131), suggesting that the formation of yolk sac progenitors is not
affected by the loss of GATA2 at M-Gl transition. This comes in contrast with the
classic Gata2 null mouse model where the generation or function of both pro-
definitive and definitive progenitors are impaired (79,81). When we looked at E10.5
embryos, we observed a decrease in the number of hematopoietic colonies derived
from AGM, placenta and fetal liver by 2.9-, 4.6- and 3.2-fold, respectively, when
compared to wild-type embryos (Figure 13J). This effect was even more prominent
at E11.5, with colony numbers reduced 16- and 8- fold in AGM and placenta,
respectively, when compared to MDpy, homozygous mice (Figure 13K). These
results reflect the lack of IAHCs at E10.5 and underscore the requirement of GATA2
at mitotic exit for definitive hematopoiesis.

Finally, we assessed the generation of HSPCs via transplantation of E11.5 placenta
cells into sublethally irradiated recipient mice (Figure 13L). While wild-type and
heterozygous mice engrafted irradiated recipients, placental HSPCs from MD
homozygous mice did not contribute to long-term engraftment (6 months) in
peripheral blood or in bone marrow (Figure 13L). As we did not observe significant
differences in IAHC numbers or embryonic HSPC function between wild-type and
heterozygous mice, we decided to evaluate the function of adult heterozygous HSCs
instead. Therefore, we have performed competitive transplantations with bone
marrow LSK-SLAM HSCs (LSK CD150°CD48") from adult mice (Figure 13M).
Interestingly, we observed reduced engraftment capacity of MD-Gata2
heterozygous HSCs from adult bone marrow, suggesting a role for GATA2 mitotic
bookmarking not only in HSC specification but also in HSC maintenance.
Altogether, these results demonstrate that GATA?2 is essential in vivo at M-G1
transition for definitive hematopoiesis.
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Figure 13. Definitive hematopoiesis requires GATA2 at mitosis-to-G1 transition. A, Direct
reprogramming strategy to convert human dermal fibroblast (HDFs) into induced hemogenic cells (iHem).
HDFs were transduced with lentivirus encoding MD- or MDmu-GATAZ2, plus GFI1B and FOS factors, and
the kinetics of CD9 activation was evaluated by flow cytometry. B, Quantification of CD9 expression from
day (d) 4 to d12. M2rtTA (M2) was used as control. C, Schematic representation of the mouse model
developed to assess mitotic degradation of GATAZ2 in vivo by inserting the MD domain upstream the
Gata2 gene. D, Frequency of homozygous (MD/MD), heterozygous (MD/WT) and wild-type (WT/WT)
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embryos at embryonic day (E) 9.5, E10.5, E11.5, E13.5 and pups, after crossing heterozygous mice. E,
Representative images of MD-Gata2 embryos at E10.5 and E11.5, and control MDmu-Gata2 embryos at
E11.5. Scale bars, 1 mm. F, Flow cytometry quantification of E11.5 erythroblasts after whole-embryo
bleeding. Graphs show percentage of total erythroblasts (Erythro) or immature (type I) to mature (Type
) cells gated within lineage negative (Lin") live single-cell (SC) population. Mean + SD is shown. G,
Immunohistochemistry images representing E10.5 WT/WT, MD/WT and MD/MD intra-aortic
hematopoietic clusters expressing RUNX1 (red) and CD31 (white) in the ventral (V) or dorsal (D) sides
of the dorsal aorta (DA). White arrowheads indicate clusters. Scale bars, 150 um. H, Number (#) of intra-
aortic hematopoietic clusters per genotype. Mean is shown. I-K, Colony-forming units for E9.5 yolk sac
(), for E10.5 aorta-gonad-mesonephros (AGM), placenta and fetal liver (J) and for E11.5 AGM and
placenta (K) cell suspensions. Mean * SD is represented. Macrophage (M), granulocyte (G),
granulocyte/macrophage (GM), erythroid (E) and mixed colonies (Mix) are shown per embryo equivalent
(ee). J, K, Statistical significance for the total number of colonies was calculated by one-way ANOVA
followed by Bonferroni’s multiple comparison test. J, a, p=0.01; b, p<0.001; ¢, p=0.002. K, a, p>0.99; c,
p=0.61; b and d, p<0.001. Percentage of donor chimerism (CD45.2%) in peripheral blood 4 weeks (w), 3
and 6 months (m) after transplantation with E11.5 placenta cells, as well as bone marrow chimerism after
6 months. Red line indicates 1% chimerism. a, p=0.011; b, p=0.016; ¢, p=0.023; d, p=0.028. Statistical
significance at 6 months was calculated with Kruskal-Wallis test followed by uncorrected Dunn's test. M,
Percentage of donor chimerism 4 weeks, 3 months, and 6 months after competitive transplantation with
200 WT/MD or WT/WT LSK-SLAM HSCs (Lin"Sca1*cKit‘*CD150"CD48"). a, p=0,029. Bone marrow
chimerism is also shown. b, p=0.020. Statistical significance was calculated with two-tailed Mann-
Whitney test at 3 months (peripheral blood) or at 6 months (bone marrow).

Mechanistically, we believe that GATA2 remains bound to important endothelial
and hematopoietic genes, through its C-ZF domain, in a cooperative environment

with other HSPC regulators to ensure the faithful commitment of definitive HSPCs
during embryonic development (Figure 14).
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Figure 14. Proposed model for the role of GATA2 bookmarking for definitive hematopoiesis.
GATA2 remains bound to key hematopoietic genes during mitosis through its C-terminal zinc finger (C-
ZF) domain, cooperating with other regulators to allow faithful commitment of definitive HSPCs during
embryonic development. Additionally, mitotic cells lose GATA2 binding at sites marked with H3K4me1,
H3K36me3 and H4K20me1.
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Discussion and future directions

The precise characterization of human HSC precursors during ontogeny remains
challenging, primarily due to the transient nature of EHT, coupled with the limited
availability of human tissues throughout different stages of hematopoietic
development. Hematopoietic differentiation protocols from human PSCs have
allowed researchers to replicate HSC ontogeny, albeit with certain caveats.
Extensive functional studies have reported an immunophenotype for PSC-derived
hemogenic endothelium consisting of the co-expression of VE-cadherin, CD31,
KDR (also known as VEGFR-2), CD117 (KIT) and CD34, and lack of the surface
markers CD43, an early pan-hematopoietic marker, and CD73 that marks non-
hemogenic endothelium (184,185,348). Nevertheless, no in vivo counterpart has
been described in the human system.

Converting somatic cells, such as fibroblasts, directly into hemogenic progenitors
constitutes an alternative approach for identifying novel markers of
hemogenic/hematopoietic cells that are dynamically expressed during EHT. CD9,
which was shown to be up-regulated in reprogrammed cells (246), is rapidly
expressed at the cell-surface in the initial stages of hemogenic reprogramming,
together with the LT-HSC marker CD49f. In study I, we also show that /TGA6
(CD49f) and ACE are direct targets of GATA2 during the initial stages of
hemogenic reprogramming, in addition to CD9 and CD34 (246), providing a link
between human hemogenic precursor phenotype and GATA2. Our observations are
in line with early histological and immunohistochemistry analysis of human
embryos, where CD49f"ACE" mesodermal cells were found underneath the dorsal
aorta in the AGM region (152). Hence, it is quite plausible that CD9 could serve as
a novel marker for human HSC precursors. Detection of CD9 in human or mouse
embryos will be crucial to confirming these results. Moreover, it will be interesting
to determine the expression of the markers present in PSC-derived hemogenic cells
in our reprogramming system and vice-versa. Perhaps, combined surface
immunostaining could help us find a unified surface phenotype for in vitro generated
hemogenic cells that could bring us closer to identifying an in vivo equivalent.

The feasibility of TF-mediated direct reprogramming to induce a hemogenic fate in
fibroblasts prompted us to combine this technique with a CRISPR/Cas9-based
approach to identify facilitators and barriers of this process through gene KO. In
study II, we identified CD44 and CD34 as barriers of hemogenic reprogramming.
CD44 has been recently found in mouse and human hemogenic endothelial cells,
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cells undergoing EHT and in HSPCs (60,91,340). In mice, cells with low CD44
expression exhibited an endothelial-hematopoietic identity characterized by the
expression of Gata2, Runxl, Gfil, Lmo2 and Tall among other genes, and
represented the precursors of CD44" hematopoietic cells in the AGM region
(91,349). For these reasons, it is possible that CD44-mediated signaling is required
in a stage-specific manner to allow definitive HSPC commitment.

CD34 is widely expressed in hematopoietic progenitors and precursors, being
recognized as a key marker of hemogenic endothelium and HSPCs (47,55,137).
Nevertheless, we identified it as a top hit for the barriers of reprogramming. This
observation might be explained by the lack of CD34 expression in the earliest stages
of human HSC ontogeny (152,350). Indeed, CD34™ mesodermal cells underlying
the developmental AGM region are believed to be the earliest precursors of CD34"
intra-aortic hematopoietic clusters (152). CD34 expression is associated with the
successful engraftment of donor HSCs (351) and the facilitation of erythroid and
myeloid differentiation from yolk sac and fetal liver progenitors (352). However,
KO mice progress through development with no significant differences in peripheral
blood counts or bone marrow cellularity (352). This discovery could carry wider
implications, given that CD34 is used as a positive marker for identifying HSPCs
and hemogenic precursors derived from human PSCs protocols (183,184,186—
188,190). On the other hand, loss of our top facilitator, STAG2, in zebrafish (stag2b)
leads to the reduction of hematopoietic/vascular progenitors and the downregulation
of primitive erythropoiesis (353). Furthermore, Stag2 full KO mice die by E10.5
(343), highlighting STAG2’s importance in the early specification of HSCs and
reaffirming its role as a facilitator for the generation of hemogenic precursors.

The collective information acquired through the discovery of novel markers and
regulators of human hemogenesis will advance the ex vivo generation and
manipulation of patient-specific definitive HSCs for clinical applications.

As main regulators of tissue-specific gene expression, TFs are key players in
guiding cell lineage instruction and, consequently, (direct) cell reprogramming
strategies. In Study III, we explore a previously unappreciated role of TFs during
the most challenging phase of cell cycle for maintaining cell identity — mitosis. The
ability to remain bound to condensed mitotic chromatin is not the same for all TFs.
GATAZ2 has the intrinsic ability to remain bound to chromatin of hematopoietic and
non-hematopoietic cells during all phases of mitosis, contrary to GFI1B and FOS.
A recent study divided TFs into three groups — depleted (chromatin signal lower
than in the cytoplasm), intermediate (chromatin signal equal to cytoplasmic signal)
and enriched (chromatin signal higher that the signal in cytoplasm) — depending on
the visual inspection of metaphase chromatin (302). Interestingly, TFs with a C2H2
zinc-finger type, the same as GFIIB (354), fit mainly in the “depleted” or
“intermediate” groups (302), which may be explained by protein phosphorylation
that occurs in these family of TFs preventing their association with mitotic
chromosomes (355). It is possible that GFI1B decorates chromatin at later stages of

81



mitosis due to dephosphorization events. FOS proteins create heterodimers with
JUN proteins to form the AP-1 complex, which binds to regulatory regions of target
genes. On its own, FOS cannot bind to DNA (356). Expressing FOS, either alone or
together with GATA2/GFI1B, which are not part of the AP-1 complex, did not lead
to its mitotic chromatin retention. It would be interesting to co-express FOS with
JUN to assess the subcellular localization of the AP-1 complex during cell cycle.

GATA2 engages DNA through its ZF domains. The removal of the C-ZF but not
the N-ZF resulted in reduced mitotic chromatin retention of GATA2. This
difference in outcome might be explained by the distinct roles of the ZFs (95).
Nevertheless, it indicates that DNA binding is required for mitotic chromatin
retention, as previously shown (309,312,316,322). Moreover, single-point
mutations in both ZFs, which are related to leukemia, provide additional support for
the essential role of the C-ZF in mitotic retention. It has been shown that individuals
with mutations in the N-ZF experience more favorable clinical outcomes compared
to those with C-ZF mutations (115). Additionally, N-ZF mutants diminish
chromatin occupancy and transcriptional activation by GATA2, though they do not
completely abrogate these processes (345). Hence, disruption of mitotic retention
might have unrecognized implications for certain diseases.

Similar to FOXA1 (312) and BRN2 (309), GATA2’s interaction with mitotic
chromatin is likely mediated by non-specific electrostatic interactions. For example,
mutation in the positively charged R398 residue, that is not expected to bind directly
to GATA consensus sites (357), disturbs critical electrostatic interactions with DNA
minor groove (344). In contrast, R362 makes minor contacts with phosphate groups
on DNA backbone, which seem irrelevant for mitotic retention of GATA2 (344).
Whether or not these and other ZF mutations also affect sequence-specific DNA
binding during mitosis remains to be addressed. This is particularly relevant since
we show that GATAZ2 binds to a subset of its interphase sites, making it a bona fide
bookmarking factor.

We showed that GATA2 peaks contain motifs of other important hematopoietic
regulators including RUNXT1, PU.1, ERG, FLY1, TALI1, FLI1, GFI1B and MYB,
suggesting TF cooperation during mitosis. A crucial future experiment for
examining the presence of these TFs during mitosis would involve the purification
of mitotic chromosomes of K562 cells, followed by liquid-chromatography tandem
mass spectrometry, a technique that combines the separation power of liquid
chromatography with a series of mass analyzers (358). Staining of unfixed
metaphasic chromosome preparations with Hoechst 33258 and chromomycin A3
enables FACS-purification on the basis of AT/GC content and forward scatter (359).
Combination of enriched mitotic chromosomes with mass spectrometry has been
used to identify hundreds of chromatin-bound proteins in ESCs (324). These
included previously described pluripotent reprogramming factors, such as ESRRB
and SOX2 (303,316). The identification of protein complexes could potentially be
accomplished by employing affinity purification methods using tagged “bait”
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proteins (such as GATA2) to identify the associated “prey” proteins, before
performing mass spectrometry analysis. Frequently employed tags, such as the
FLAG tag, can be integrated into the genome using CRISPR/Cas9, either before or
after the "bait" protein, to establish cell lines with stable expression of affinity-
tagged proteins (360). In the context of GATA2-deficiency syndrome, blast cells
from patients carrying mutations in GATA2 can theoretically be arrested in mitosis
and submitted to chromosome sorting and mass spectrometry to assess TF retention
or depletion compared to a healthy control. Alternatively, point-mutations can be
added to FLAG-tagged hematopoietic cancer cell lines to analyze the disruption of
TF complexes. It is plausible that distinct mutations could hinder GATAZ2's
chromatin association at different levels, potentially offering insight into the diverse
disease phenotypes observed in pediatric and adult patients with GATA2
deficiencies.

A very important question in the mitotic bookmarking field remains: “What
determines whether a transcription factor will remain bound to a particular site in
mitosis?” (312). Caravaca et al. have shown that the intrinsic nucleosome
occupancy score at FOXALI sites is higher in mitotic cells when compared to
asynchronous cells. This scoring system consists of a computational model that
predicts the likelihood of a given DNA sequence to form a nucleosome. FOXA1 has
been described as a pioneer factor as it possesses the ability to bind nucleosomal
DNA (closed chromatin), making it accessible to other TFs and regulatory proteins
for the activation of gene transcription (312,361). This result suggests that the
nucleosomes in regions bookmarked by FOXAI1 are more stably positioned
compared to sites where FOXAT1 binds only during interphase. However, since
many TFs do not have pioneer factor activity, this measure might not apply to all
bookmarking factors. GATA2, for example, binds mainly to open chromatin sites,
with preference for active promoters and enhancers, as described in study III and
during hemogenic reprogramming of HDFs (246). Hence, other TF or genome
properties might predict mitotic bookmarking capacity.

Several studies have shown that H3 methylation marks are generally retained in
mitosis, whereas H3 acetylation marks are decreased (303,307,308). In paper III,
we showed that GATA2 binds less to sites decorated with transcription elongation
marks (H3K36me3 and H4K20mel), consistent with the basal levels of gene
expression reported in mitosis (296,307), and to sites with H3K4mel and
H3K27me3, which are associated with bivalent enhancers. Bivalent enhancers are
regulatory DNA elements that carry both activating and repressive histone
modifications, indicating their poised state for either gene activation or repression
(362). Conversely, GATA2 mitotic binding is more frequent at transcriptionally
active chromatin marked by H3K4me3 and H3K9ac, and at regions with H2A.Z.
The histone 2 variant H2A.Z is associated with both transcription activation and
repression, depending on the gene (363). Decreasing bookmarking at bivalent and
weak enhancers, while increasing retention at active enhancers and promoters might
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allow flexibility for gene expression upon Gl re-entrance, while maintaining
important active genes marked. This supports the idea that M-G1 transition might
serve as a time window for adjustments in gene expression profiles (364,365).

Importantly, we demonstrated that mitotic peaks contained more GATA2 motifs
than asynchronous-only peaks, implying that a higher motif density is necessary for
sequence-specific GATA2 binding during mitosis. This observation also suggests
that the number of proximal motifs may serve as a predictive feature for determining
whether a TF might be retained in a particular genomic site or not. If so, then is
mitotic bookmarking an authentic epigenetic mechanism? Or is it determined by
genomic elements? An experimental approach to tackle this question would involve
inserting GATA2 motifs in non-bookmarked regions (asynchronous-only peaks) or,
in turn, reducing the number of motifs in bookmarked sites and assessing
bookmarking at those regions with ChIP-seq. Alternatively, it would also be
plausible to increase the number of motif sites of non-bookmarker factors, such as
BRN2 or NANOG, and assess whether or not these factors become bookmarkers.
Nonetheless, it would be worthwhile to first analyze the number of TF motifs
present per peak in asynchronous and mitotic cells using existing data from
previously reported bookmarkers, to determine whether this feature applies to TFs
other than GATA2.

Regarding the role of GATA2 at mitotic exit in vivo, our mouse model data show
embryonic lethality comparable to the Gata2 full KO mice, between E10.5 and
E11.5. However, in contrast to the classical Gata2”~, MD homozygous E9.5
embryos were indistinguishable from their wild-type or heterozygous counterparts,
and yolk sac progenitors generated equivalent numbers of hematopoietic colonies
and contained similar percentages of EMPs. Nevertheless, these progenitors were
unable to contribute to blood between E10.5 and E11.5, consequently leading to
anemia, indicating that GATA2 might not be necessary at M-G1 for the generation
of pro-definitive progenitors in the yolk sac, but may still be required for their
proliferation and/or function in other hematopoietic tissues, namely the fetal liver.
The generation of pro-definitive progenitors may rely on mitotic bookmarking or
retention by other TFs, such as TALl1 and LMO2 which regulate early
hematopoiesis. The differential requirement of GATA2-mediated bookmarking
might also be attributed to the distinct molecular signals governing EHT during the
second and third waves of hematopoietic development (71-73). In fact, we found
that GATA2 bookmarks the NOTCH-associated genes HESI and JAGI, which are
expressed in the AGM region at E10.5 (73), establishing a connection between
GATA2's bookmarking during mitosis and the regulation of the NOTCH pathway
for HSC specification.

One limitation of our system is the acknowledged spillover of GATA2 degradation
into the G1 phase. Therefore, we pose the question: could the observed effects
potentially result from an overall reduction in GATA2 levels during development?
In GATA?2 haploinsufficient mice (Gata2"™") there is a significant decrease in the



number of hematopoietic colonies in CFU assays derived from E10 AGM and yolk
sac (78). However, our heterozygous MD-Gata2 HSPCs generated a similar number
of hematopoietic colonies compared to wild-type HSPCs, and embryos exhibited
comparable numbers of IAHCs. More importantly, Gata2"~ mice that have a 50%
reduction of GATA2 are viable, meaning that cutting down GATA?2 levels by half
does not result in the abolition of definitive hematopoiesis, whereas the deletion of
GATA?2 during the M-G1 transition is critical. Moreover, MD homozygous mice
have functional yolk sac progenitors, contrary to the double/heterozygous KOs.
These observations suggest that there is a specific impact in removing GATA?2 at
M-GI1 for definitive hematopoiesis that is not present during earlier stages of
hematopoietic development. Therefore, reduction of GATA2 levels by itself is not
enough to explain our results. To better address this question, it will be relevant to
check the allelic expression and protein analysis of hematopoietic tissues with the
three genotypes (MD/MD, MD/WT and WT/WT) at different embryonic days, to
complement our current data. Additionally, transcriptional profiling at the single-
cell level of HSPC populations during embryonic development (yolk sac, AGM,
placenta and fetal liver) would allow us to molecularly characterize the impact of
GATA2 degradation in mitosis in both homozygous and heterozygous mice.
Furthermore, the development of a double transgenic MD-Gata? mouse crossed
with a well-established model expressing a fluorescent tagged version of GATA2,
like the Gata2Venus mouse (83), will allow the assessment of protein degradation
kinetics throughout the cell cycle in vivo. In parallel, improving mitotic-specific
degron mouse models for GATA2 (and other factors) by fine-tuning the time
window for mitotic degradation could help shed light into the effective requirement
of TF-mediated mitotic bookmarking for the specification of cell lineages.
Nonetheless, we provide, for the first time, evidence supporting a requirement for
mitotic retention or bookmarking for lineage commitment and blood specification.

We also demonstrate that heterozygous MD-Gata? HSCs underperformed
compared to wild-type cells in competitive transplantation assays, suggesting that
GATAZ2 plays a role during M-G1 in the proper maintenance of HSC function in
adult mice. Similarly to the examination of HSPC expression profiles during
development, performing scRNA-seq on adult hematopoietic tissues (bone marrow,
spleen, and peripheral blood) will provide information about the critical regulators
of HSPC maintenance. The next logical step will be to further characterize the
impact of heterozygosity in our mouse model by evaluating the numbers and
lineages of hematopoietic cells in the peripheral blood, spleen, and bone marrow.
This is particularly relevant in the context of GATA-deficiency syndrome since
there is a discrepancy between GATA2 haploinsufficiency phenotypes in mouse and
human. Using our model, we can evaluate the percentage of myeloid progenitors, as
well as NK cells, dendritic cells and monocytes through immunostaining, and
compare the results to our MDu-Gata2 control. Individuals with hereditary GATA2
mutations show predisposition to myelodysplastic syndrome (MDS) and acute
myeloid leukemia (AML). It would be interesting to address the potential role of
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GATA2 mitotic bookmarking in leukemic transformation. For the study of leukemia
initiation, it would be important to follow MD-Gata?2 heterozygous mice for a long
time after periods of stress-induced hematopoiesis (SFU, Polyl:C, etc.) to assess
whether those mice would be a better model for the human predisposition to
leukemia in GATA2-deficiency syndrome. Moreover, to investigate the impact of
GATA2 bookmarking on leukemia progression, the introduction of the MD degron
into human leukemic cell lines, such as K562 or HL-60, which express GATA2
would be informative. Subsequently, we could assess whether they undergo lineage-
specific differentiation or remain in a leukemic state upon induction of
differentiation. Alternatively, we could resort to inducible mouse models that allow
the control of leukemia initiation upon addition of doxycycline, such as the MLL-
ENL system. This model is based on a translocation leading to the expression of an
MLL-ENL fusion protein which results in acute mixed-lineage leukemia, that
maintains GATA2 expression (366). To evaluate whether mitotic bookmarking by
GATA2 promotes or abrogates the progression of leukemia, the MD-Gata2 model
could be crossed with MLL-ENL model and leukemia initiated.

Altogether, the studies encompassed in my thesis make a substantial contribution to
the current understanding of the regulatory mechanisms that govern definitive
hematopoiesis. I have identified a novel marker of human hemogenesis, CD9,
described molecular barriers and facilitators in human hemogenic reprogramming —
highlighting CD34 and CD44 as barriers and STAG?2 as a facilitator — and ultimately
characterized the pivotal role of the GATA2 bookmark during M-G1 transition in
the specification of definitive hematopoiesis in vivo (Figure 15).

Hematopoietic Specification

Figure 15. Mechanisms underlying the specification of human definitive hematopoiesis. Overview
diagram highlighting the outcomes of the thesis in the context of definitive hematopoietic specification. It
shows GATA2 bookmarking sites enriched with GATA2 motifs in a representative hemogenic cell
undergoing mitosis, during the specification of definitive hematopoiesis in the aorta-gonad-mesonephros
of the developing embryo. The hemogenic precursor, which ultimately becomes a hematopoietic stem
cell, expresses CD49f and CD9, while signaling pathways controlled by CD34 and CD44 are suppressed.
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