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ABSTRACT

HSCs are entirely responsible for the continuous replenishment of short-lived blood
cells to preserve haematopoietic homeostasis. GATA2, a zinc-finger transcription
factor, is highly expressed within HSPCs and operates different aspects of HSC
functions in the embryonic and adult haematopoietic system. Since either low or high
GATAZ2 expression is involved in leukaemogenesis, the balanced expression of
GATA?Z2 is therefore indispensable for retaining normal haematopoiesis. Acquired
ASXL1 mutations are recurrently existent in MDS/AML patients harbouring inherited
GATA2 mutations. While GATAZ2 haploinsufficiency causes BM failure disorders that
can predispose to myeloid malignancies, little information is known about affected
HSPC compartments and underlying molecular mechanisms in this context. With the
intention to mimic inherited and acquired GATA2 haploinsufficiency disorders,
conditional knockout mice models were employed to elucidate the impact of Gata2

haploinsufficiency on adult HSPCs and haematopoiesis.

Analysis of young Gata2 haploinsufficient mice utilising a pan haematopoietic Vav-
iCre approach revealed a reduction in HSCs, MPPs, MPP4 (LMPPs), early erythroid-
progenitors (Pre-MegE/Pre-CFU-E), myeloid-progenitors (Pre-GM/GMP) and
megakaryocyte-subpopulations (Pre-MegE/MkPs/megakaryocytes/platelets), but an
increase in MPP2. The reduced HSC numbers were associated with increased
cellular quiescence and apoptosis rates. The abundance of HSCs, MPPs, LMPPs and
CLPs was decreased in aged Gata2*™Vav-iCre* mice although aged HSCs became
more proliferative than young HSCs. Acute loss of Gata2 heterozygote applying the
inducible Mx1-Cre model exhibited attenuation in HSCs frequency with an increase
in the number of quiescent HSCs. Functionally, acute and chronic ablation of Gata2
haploinsufficiency resulted in a severe defect in long-term multi-lineage reconstitution
and self-renewal capacities of adult HSCs post-transplantation. The DNA damage
repair and proinflammatory signalling were the most affected biological pathways in
Gata2 haploinsufficient HSCs. Cooperative haploinsufficient mice of Gata2 and AsxI1
(Gata2*™ AsxI1*™"Vav-iCre*) showed increased HSCs proliferation and decreased
HSCs survival, which led to impaired long-term engraftment capability of HSCs and
ultimately depleted HSCs pool during stress haematopoiesis. Together, Gata2
haploinsufficiency interrupts HSCs survival, proliferation, self-renewal, and
maintenance. Thus, biallelic expression of Gata2 is essentially required for preserving

adult HSPCs homeostasis.
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CHAPTER 1 : Introduction

1.1 Haematopoiesis

1.1.1 Introduction tohaematopoiesis

The haematopoietic system is mainly constitutefdthree types of mature blood
cells: Red blood cells ((RB&sythrocytes), white blood cells (WBCgukocytes),

and platelets ((B1s), thrombocytes). These cells have separable basictioms
including transport indispensable molecules, protection against pathqgand
prevention of bleeding. Although mature blood cells are heterogeneous in their
biological function, all cells arise fronadmatopoietic stem cells (HSCs). HSCs are
multifunctionalcells thathave thecompetencyto differentiate intoall other blood
cells throughout the process of haematopoiesis. The term haematopoiesis can be
defined as a multipart developmental process of blood cell production that includes
cellformation, proliferation, differentiation and specisdition into functional mature
blood cells that are released from the bone marroa,centric place of adult
haematopoiesis, to the circulatidiiRieger and Schroeder, 2012, Orkin and Zon, 2008,
Seita and Weissman, 2010)

Mature blood cellshave a limited lifespan and must be continuously replaced
throughoutthe organisnf) Bfe. HSCs provide mulineage progenitors to maintain
the turnover of the blood formation during the lifetime of an organi§iRieger and
Schroeder, 2012, Orkin and Zon, 2008, Seita and Weissman, Ext0)sively, HSCs
have the potential for bothselfrenewal (HSCseplication and maintenangeand
differentiation (formation of functional blood cel)sapacitiesto sustain HSCs pool
size andmature blood cells homeostasis, respectivéRieger and Schroeder, 2012,
Orkin and Zon, 2008, Seita and Weissman, 201 capacity of HSCs to either self
renewal or differentiatio is tightly regulated by a complicated network of intrinsic
(transcription factors) and extrinsic (BM microenvironm@i¥l niche$) mechanisms
as growth factors, cytokines, and signalling pathw@jigeger and Schroeder, 2012,

Orkin and Zon, 2008, Seita and Weissman, 202Byuptions of these mechanisms
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are directly linked to haemablogical diseasesuch as anaemia, leukopenia,

thrombocytopenia and different forms of leukaemia.

1.1.2 Origin and development ahurine haematopoietic stem cells

Haematopoietic stem cellfHSCs) were discovered by Till and McCulloch in 1961
following a sequence ah vivoexperimentg(Till and McCulloch, 1961After murine
bonemarrow cellsvere transplanted into ldtally irradiated recipient mice, colonies

of haematopoietic cells were lat@bservedwithin the spleens of the recipient mice.
These colonies were called colefoyming unitsspleen (CFW$) and contained
populations of myeloieerythroid cells. Subsequermxperiments revealed that the
haematopoietic colonies came from a single originating cell that also possessed a
lymphoid capabilitTill and McCulloch, 1961, Wu et al., 19@8)rthermore, serial
transplantation experiments of spleen haematopoietic cells revealed that-EFU
colonies were abl®f repopulatinghaematopoietic cells in the secondary recipient
mice (Siminovitch et al., 1963)Together, thes experiments outline that HSCs
possess the capability for both muliheage reconstitution and selfrenewal
capabilities Thereafter, investigationsn the field of haematopoiesis have de&n
broadlyextendedto further clarify biological functionsf HSC&ind haematopoietic

progenitors.

Foetal and adulthaematopoiesis happens in distinct anatomical places (Figure 1.1).
During murine embryogenesis, the evolution of haematopoietic cells commexices
embryanic day 7.5 (E 7.5) in the yolk sac blood islakdewn as laemangioblasts)
that generate primitive erythroid cells and blood vess@tglis et al., 1999)These
cells are incapablef reconstituting longterm haematopoiesis of irradiated hosts
(Mdaller et al., 1994)The definitive haematopoiesis with functional properties of
adult HSCs takes place in tA@rto-GonadMesonephrosregion at E10.5, where
these cellsare capableof repopulaing blood multilineage in irradiated recipients
(Mdaller et al., 1994, Medvinsky and Dzierzak, 1996Xhis region, HSCs arise from
the haemogenic endothelial cells of the dorsal aofalken et al., 2009At the same
time, HSCs are found in the vitelline and umbilical arteries, and the pla¢data

Bruijn et al., 2000)Later, the definitive hematopoietic cells migrate into thioetal
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liver, thymus, spleen and in the end to the BWMich becomes the central provider
of HSCs after birtfChristensen et al., 2004)

s
P
|

|

Primitive Definitive
haematopoiesis  haematopoiesis

Figurel-1: Timeline and anatomical sites of murine haematopoiesis development.

The diagram illustrates the generation obdmatopoietic stem cells throughout the
sequence of embryonic developments. AGM, AgBonadMesonephrosE, embryonic day.
(Adapted from(Rieger and Schroeder, 201.2)

Foetal and adultmurine HSCs are different itheir functional characteristics and
immunophenotypic/geneexpression. Althougtioetal HSCs are active in the cell
cycle, the majority of adult HSCs are in a quiescent state. Theasl fHSCs
reconstitute irradated recipient hosts about five times faster than adult HSCs in
transplant experimentationgHarrison et al., 1997oetal HSCs switch to adult HSCs
and become quiescent at around four weeks after birth to preserve blood production
and prevent HSCs exhaustion throughout an organisni¥iéeet al., 2013, Kim et al.,
2007) The transition to adult HSCs is proposed to be regulateésRyelated HMG
box17 (Sox17) and CCAAT/enhancesinding proteiralpha (/ S 6)Ltdanscription



factors(Ye et al., 2013, Kim et al., 200DBgletion ofSox17 in foetal haematopoietic
cells displayed a severe reduction in definitive HSCs, edseno difference in the
adult HSC numbers was observe®wx1 7-null mice(Kim et al., 2007) Switching to
adult HSCwasaccompanied by a reduction Box17 expression and a diminution in
HSCs proliferation. These results indicate tl&ix17 is indispensable forthe
developmentand maintenanceof foetal HSCsHigh expression of S 6 Isialso
required during the adult HSCs transition and promotes HSCs quiesgénet al.,
2013) Deletion of/ S 6 indadult HSCs showed an increment in HSC proliferation
rates./ S 0 &dpressio analysis revealed that the expression/ofS 6 IIRNA was
intensively increased in HSCs in fowgeks old mice as compared with twaeeks
old mice. TogetherSox17 and/ S 6 trdnscription factors regulateoktal HSCs
switching into adult HSCs.

1.1.3 Muine haematopoietic hierarchy and immunophenotypic

characterisations

More recently, several techniques have been used to properly identify the hierarchy
of haematopoietic cells such as cell surface marker phenotypes, gene expression and
transplantation studiesHaematopoiesis is organised in a hierarchical maniver
whichmultipotent haematopoietic stem and progenitor cells (HSPCs) differentiate to
oligopotent progenitors and subsequently generate restricted precursors and finally
segregate into mature blood cells (Figure. 1.2 A). HSPCs are a heterogeneous
compartment and ontain three subsets of populations: Letgym HSCs (LHISCs),
Shortterm HSCs (SHSCs) and Muptotent progenitors (MPPs). The classical model
suggests that l-IHSCs have saknewal potential and give rise to $ISCs and MPPs

that possess limited sefenewal ability butcan differentiateinto multi-lineage
(Figure. 1.2 AjMorrison et al., 1997, Okada et al., 1991) 1988, he prospective
purification of HSCs from mouse bone marrow was achieved by using the
fluorescenceactivated cell sorting(FACSYechnology depending on cell surface
marker phenotypeqSpangrude et al., 1988HSPCs are negative for mature cell
lineage markers (lineage cocktail antibodies contakeells, CD3; Bells, B220; -T

helper, CD4;-Tytotoxic, CD8; RBCs, Terl119; Monocytes, Macl; and Neutrophils, Grl)



and express botlstem cell antigen (SeB) and stem cell factor {kit; CD117)
receptors which are known as LSK cells (Beal* ckit*) (Spangrude et al., 1988,
Ikuta and Weissman, 1992) FHSCs, SHSCs ah MPPs reside within the LSK
compartment. Functionally, EFISCs provide loAgrm reconstitution abilities for all
haematopoietic cells of lethally irradiated recipients whereas eitheidSTs or MPPs
only confer shorterm repopulation potentials. LSK tstepresent around 0.1% of
total BM cells and -IASCs exist in approximately 10% of the LSK compartment in BM
young mice(Morrison et al., 1996, lkuta and Weissman, 1992, Spangrude et al.,
1988) Additional markers are required to identify HSCs within the LSK population.
Three distinct subpopulations can be identified usifigyl.1 (CD90) and FMike
tyrosine kinase 3 (FI@D139) cell surface receptors: HSCs, LSKD9®" CD135

; STHSCs, LSK_CDB90CD135 and MPPs, LSK_CD90D135 (Christensen and
Weissman, 2001)Since the expression of Thyl.1 receptor is restricted to some
mouse strains, the CD38 antigen is expressed in all mouse species and provides a
suitable marker for the purification of HSP@andall et al., 19961 FHSCs are
enriched in LSK_CD3€D38 compartments while SHSCs are identified as
LSK_CD34CD38compartments.

Further downstream, MPPs give rise to oligopotent progenitors that are committed

to either common myeloid progenitors (CMP) or common lymphoid progenitors (CLP)

which lose selfenewal capability and differentiate into restricted cell tyg&ondo

et al., 1997, Akashi et al., 2000 lymphoid lineages, CLPs reside in Beal" ¢

Kitow and express the interleukin -~ NB O Shain(B-NWwh T / 5MHT O YI NJ SN
rise to Bcell, Fcells and natural Kkillerrestricted precursors that ultimately
differentiate into mature B cells, T cells and NK oéligure 1.1 AjKondo et al.,

1997) Nevertheless, previous studies showed that- Ll8talV cKit°" CD127

CLPs at most gave rise toc@8Is rather than Tells in transplantation settings
(Karsunky et al., 2008yheCD135antigen is added to robustly purify CLPs. CLPs can

be recognéed as Lin Scal®_cKit°¥ CD127 CD135and reconstitute both Bells

and TFcells without any lineagbiases(Karsunky et al., 2008)On the other hand,

committed myeloid progenitortocalisewithin Linm_Scal _cKit" cells(Akashi et al.,

2000) CMPs are known as LK_CD®D16/329 € O X NBEOSLIG2NL Y



megakaryocyte/erythrocyt@rogenitors (MEP; LK_CD38D16/32 and granulocyte
/macrophage progenitors (GMP; LK_CD®D16/32) (Akashi et al., 2000MEPs
and GMPs differentiation are committed to megakaryocygegthrocytes and
granulocytesmacrophages (monocytes, neutrophilspsinophils,and basophils)

mature blood ells, respectively.

' 1 FaKAQAd 3INRdzZL) KIFa NBOSyidfe NBMRéSvakiey SR (K
al., 2015) The newCMPs are LSK_CD38D419"and differentiate intathe previous
CMPs with robust potency toward myeloid/erythroid lineagésgure 1.2E).
Additionally, CD150ntegrin subunit alph&b (CD41), and Endoglin (CD105) markers
are used to further identify myeld precursors(Pronk et al., 2007)in myeloid
lineages, CMPs segregate into {gmanulocyte/macrophage precursors (F&M;
LK_CD150CD41 CD16/32 CD10§ and then advace to GMPs (LK_CD150D41
_CD16/32). In erythroidmegakaryocyte lineages, CMPs differentiate into
erythroid/megakaryocyte progenitors (PreMegE; LK CD150CD41 CD16/32
_CD10§ that ultimately produce either megakaryocypeogenitors (MKP;
LK_CD150CD41) or erythroidprecursors (Pre CFE;, LK_CD150CD41 CD16/32
_CD105(Figure 1.D).

Adolfsson et al. demonstrated an alternative model of the haematopoietic lineage
commitment(Adolfsson et al., 2005They recogmsed a subset known as lympheid
primed multipotential progenitors (LMPPs) that have the potential to generate both
CLPs and GMPs but lose the ability to differentiate inmtegakaryocytes and
erythrocytes, whereas the MEP is directly derived from theHST/MPP
compartments. In this model, CMPs are excluded from the hierarchy (Figure 1.2 B).
Thus, LIHSCs reside in LSK_CDBH135 STHSCs exist in LSK_CD®D135
MPPs ench in LSK CD34CD135 and LMPPs can be isolated by
LSK_CD34CD1359"(Adolfsson et al., 2005, Adolfsson et 2001) In addition, both
classical and alternative models merge into the composite model because CMPs have
already been identified as LK_CD34D16/32(Adolfsson et al., 2005, lwasaki and
Akashi, 2007)In this model, SHSCs adnceinto CMPs and LMPPs. CMPs together
with LMPPs possess the potential to differentiate into GNFgure 1.2 C).



Furthermore, the expression of cell surface receptors of the signalling lymphocyte
activation molecule (SLAM) family (CD150 (Slamfl) and CD48 (Slamf2)) is subdivided
LSK heterogeneous compartment to four distinct subpopulatioHSCs,LSK
CD150 CD48 MPPs, LSK _CD150D48 HPC1, LSK_CD130D48 and HPC2,
LSK_CD150CDA48 (Figure. 1.29 (Kiel et al., 2005, Oguro et al., 2018)PC1 and
HPC2 compartments are heterogenous committed progenitors in which HPC1 cells
possess the potential to differentiate into lymphoid and myeloid progenitors and lose
megakaryocytesérythrocytes poéential, while HPC2 cells give rise to all restricted
haematopoietic progenitors and possess leslyriphoid potential(Oguro et al.,
2013) HPC1 cells are extremely close to LMPPs because HPC1 cells are highly positive
for FIt3 (approximately 75%) and both HPC1 and LMPPs have lymphoid/myeloid
reconstitution potentiallOguro et al., 2013High expression of CD150 within HSPCs
retains their seHrenewal potential whereas high expression of CD48 drives HSPCs to
lose their seHrenewal ability (Oguro et al., 2013)The expression of CD150 in
LSK_CD34compartments determines the selénewal capability of HSCs and
provides insights intmyeloid/lymphoid biased HSCs potent{Bleerman et al., 2010,
Morita et al., 2010) Three subpopulations can be isolated depending on the CD150
expression: MyeloidiasedHSCs, LSK_CD3aD1509" |ymphoidbiasedHSCs,
LSK_CD34CD150°%: and balancediasedHSCs, LSK_CD3aD150termediate
CD1509" HSCs are the highest sehewalpotency and possess a robust abilify
reconstituing all CD150 fractions in sequential transplantation experiments. in this
thesis, slam family markers were wg#d to identify murine primitive haematopoietic

populations.

However, since the primitive myeloid/lymphdetythroid/megakaryocyte
progenitors were indistinguishable in the previous models, Pietras et al. have
suggested another model of the haematopoietic hierarchy distinguishing
myeloid/lymphoid erythroid/megakaryocytesbiased progenitors(Figure. 1.2G)
(Pietras et al., 2015)The FIt3 marker is used in combination with slam markers to
dissect HSPCs into five individual sabmpartments: LHSCs, LSK_ FIt3
CD150 CD48 STHSCs (MPP1), LSK_FIB150 CD48 MPP2, LSK_Fit3
CD150 CD48 MPP3, LSK_FIt&D150 CD48 and MPP4, LSK_Fit€D150



CD48. In this model, MPP2 and MPP3 progenitors are mydd@adedMPPs with low
potency to output lymphoid cells whereas MPP4 progenitorsiamgphoidbiased
MPPs and retain their GMP potential. In addition, their results provide additional
comprehension of the dynamics of haematopoietic lineages regeneration in lethally
irradiated hosts. In the first two weeks pesansplant, rebuilding the
haematopoiesis system is characterised by an increase in myeiasgedMPPs
production, an increment in myeloid cells product via lympHoigsedMPPs, and a
decline in HSCs sefnewal capability. Subsequently, lymphdichsedMPPs restore
their lymphoidpotential at week 3 following transplantation. The restoration of HSC
seltrenewal potential occurs at week 4 aftaansplant when myeloidymphoid cells
reach their homeostasis levels. Table 1.1 presents a summary of cell surface markers

that characterie murine HSPCs.

Collectively, these conclusions demonstrate that HSCs give rise to all haematopoietic
lineages to sustain lorgrm haematopoiesis throughout the whole life. However,
recent evidence hasuggested that the haematopoiesis hierarchy is colted by
complicated haematopoietic clones of multipotent progenitors rather thafHSTCs

(Sun et al., 2014, Rodrigu€zaticelli et al., 2018)Although transplantation assays
provide insights into the functional characterisation of BM compartments as
repopulation potential and BMhoming, the biological features and hierarchical
sequences of haematopoietic populations are poorly understood in stetatg
haematopoiesis(Sun et al., 2014, Rodrigu€zaticelli et al., 2018)Sun et al.
investigated the native blood cells formation by tracking murine adult
haematopoietic compartments utéing in situtransposon labelling approachéSun

et al., 2014)In vivotracking of haematopoietic lineages revealed that about 5% of
LTHSCs were shared clonal origins with MPPs, myeloid progenitors, and mature cells
while around 50% of MPPs and myeloid progemsitbad similar clonal roots with
mature blood cellsThese findings indicate that haematopoietic lineages are derived
largely from multipotent clones with some contribution fromHEBCs in steaestate
haematopoiesis. Additionally, RodriguEeaticelli etal. further support the idea of

the native hierarchy of haematopoietic cells by using the same approarh sitfu

hybridisation (Rodriguez-raticelli et al., 2018 Multipotent clones have the potential



to maintain the production of myeloid, lymphoid, and erythroid lineages whereas LT
HSC/MPP2 cells are the major source of megakaryocyte progenitors during-steady
state haematopoiesis. These observations signify MBP clones are supposed to

be responsible for sustaining native letegm blood formation.

1.1.4 Human haematopoietic hierarchy and immunophenotypic

characterisations

The tools of human HSCs purification are extremely similar to that used for murine
HSCsincluding cellsurface expression analysis and transplantation experiments
(Figure. 1.H). Immunodeficient mouse models (NGEZIDL [ #'4wNSG mice) have
been used to engrafhuman BMcells in order toreducethe xenogeneiaejection
(Notta et al., 2011) In contrary to murine HSPCs, human HSPCs are enriched in lin
_CD34 CD38and represent aroun@.5¢5% of BM and cord blood ce(lNotta et al.,
2011, Larochelle et al., 1996)

HSCs (Lin_CD34 CD38 CD45RACD90 CD49f) differentiate to multipotent
progenitors with limited selfrenewal (MPPs;Lin_CD34 CD38 CD45RACD90
CD499 that advance into CMP4&ii_ CD34 CD38 CD45RACD135 CD160 CD?Y)
and multi-lymphoid progenitors, (MLPs; Li€D34 CD38 CD45RA CD90
CD135 CD10_ CD? (Notta et al., 2011, Doulatov et al., 2010, Manz et al., 2002)
Thereafter, MLPs give rise to macrophage precursors and CLPs (Lin
CD34 CD38 CD45RA CD10 while CMPs segregate to GMPs (D34
CD38 CD45RACD13%5 CD16 CD? and MEPs Lfm_CD34 CD38 CD45RA
CD135 CD10 CD?7) oligopotent progenitorgManz et al., 2002, Galy et al., 1995)

Recently,a two-tier model has been suggested to describe the commitment of
human blood cells challenging previous hierarchical models in which oligopotent
progenitors are omitted from the hierarchiNotta et al., 2086). In this paradigm,
HSCs/MPPs multipotent cells reside at the top tier diferentiate to unipotent
progenitors that are immediately segregated to all types of mature blood cells.
Megakaryocytes are exceptional in this model and diredlifferentiate from

HSCs/MPPs compartments.



Along the same lines, severahurine reportsindicate that megakaryocytes or
megakaryocyte/erythrocyte progenitors are anatomically nearby to HSCs and
immediately differentiate from HSQ®ietras et al.2015, Yamamoto et al., 2013,
Bruns et al., 2014)Sanjuan et al. discovered that approximately 60% of HSCs are
megakaryocytebiasedHSCs that express vMillebrandFactor with high potential
towards megakaryopoiesigSanjuarPla et al., 2013)Additionally, megakaryocytes
secrete essential factors that regulate HSC quiescence and negatively correlate with
HSCs activity in theellcycle as chemokine-XC motif ligané4 (CXCL4, platelet
factor-4), thrombopoietin (TPO), and transforming growth faétom ¢ ¢ (BrGns m 0
et al., 2014, Nakamusbshizu et al., 2014b, Zhao et al., 201@pnditional ablation of
murine Cxcl4 Tpa and Tgfbl disturbs the HSC dormancy and promotes the
proliferation of HSCs. More recently, human cord blood CI¥34Cs have been
purified using CD133 and G# markers with highly seienewal potential(Sumide

et al., 2018) CD34 HSCs localise at the top of the human hierarchy and directly

segregate into megakaryocyte/erythrocyte progenitors.
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(A) Classical Model (B) Alternative Model (C) Composite Model
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Figurel-2: Murine and human haematopoietibierarchy:.

Different models have been applied to describe the hierarchical arrangement of
haematopoietic compartments: (A) the classical model; (B) the alternative version; (C) the
composite paradigm (D) differentiated scheme of myeloliérythroid/megakayocyte
progenitors;(E) revised paradigm based on CEZNIP and FItR MPP(F Oguro et al. model;

(G) Pietras et al. paradigm; an#)(human hierarchy (Adapted frofPronk et al., 2007,

Pietras et al., 2015, Adolfsson et al., 2005,1@©gpt al., 2013, Doulatov et al., 2012, Miyawaki
et al., 2015)
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Tablel.1: Cell surface markers for murine haematopoietic subpopulations.

Linm_ckit" Scat CD9®" CD135
Linm_ckit" Scat CD34 CD38

[& {/ & Lim_ckit*_Scal CD34 CD135
Lim_ckit*_Scal CD150 CD48
Lim_ckit* Scat CD135 CD150 CD48

{g {/ a Lim_ckit* Scal CD9®" _CD135
Lim_ckit* Scal CD34 CD38
Lim_ckit* Scal CD34 CD135

attm Lim_ckit* Scal CD135 CD150 CD48
Lim_ckit* Scal CD90 CD135

atta Lim_ckit* Scal CD34 CD135
Lim_ckit*_Scal CD150 CD48

It/ ™ Lim_ckit* Scal CD150 CD48

LMPP Lim_ckit* Scal CD34 CD13Hdh

MPP4 Lim_ckit* Scal CD135 CD150 CD48

| t/ H Lim_ckit*_Scatl CD150 CD48

MPP2 Lim_ckit* Scal CD135 CD150 CD48

MPP3 Lim_ckit*_Scal CD135 CD150 CD48

/ at & L?n_c—k?ﬁ_Scal_ CD34_CD16/32

Lim_ckitt Scal CD34 CD41fish
/[t Lim_ckit°¥ Sca®¥ CD127
Lim_ckit°Y_ScaP¥_CD127 CD135
PreGM Lim_ckit*_Scal CD150 CD41 CD16/32 CD105
Dat Lim_ckit*_Scal CD34 CD16/32
Lin_ckit*_Scal CD150 CD41 CD16/32
aot Lim_ckit* _Scal CD34 CD16/32
PreMegE Lim_ckit*_Scal CD150 CD41 CD16/32 CD105
MKP Lim_ckit* Scal CD150 CD41
PreCFUE Linm_ckit*_Scal CD150 CD41 CD16/32 CD105

CEUE Linm_ckit*_Scal CD150 CD41 CD16/32

_CD105CD71 Terll9
Granulocyte cells | MacT'Grl’
Monocyte/Macrophage Macl'Grl

cells

Erythroid cells

CD71, Ter119

T-lymphocyte cells

CD3/ 5n% /5y

B-lymphocyte cells

B220

Megakaryocytes

CD41, CDh42d
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1.1.5 Transcription factors in haematopoiesis

HSCs generation, survival, quiescence;rsgeléwal and differentiation are under the
firm control of multiple transcription factors E5) (Rieger and Schroeder, 2012, Orkin
and Zon, 2008, Seita and Wsman, 2010However dysregulaéd expressiorof TFs

is frequently associated witHeukaemogenesigRieger and Schroeder, 2012, Orkin
and Zon, 2008, Seita and Weissman, 20Haematopoietic s can be classified into
two main clustersspecific HSCSS and multilineage Fs. However, many studies
have suggested the combinatorial interactions between theBs ih both HSCs
specification and muHiineage differentiation(Rieger and Schroeder, 2012, Orkin
and Zon, 2008, Seita and Weissman, 2018jlson et al. carried out chromatin
immunoprecipitation followed by RNsgeaquencing for ten ¥ SCL/TALL1, LYLI,
LMO2, RUNX1, MEIS1, PU.1, ERG, FLI1, GFI1B an{ {Ga{T&2 crucial for the
development of HSPCs using muriramatopoietic precursor cell HPC7) cell line
(Wilson et al., 2010)Findings of this study indicated a combinatorial interaction
betweenSCL/TALL, RUNX1, LYL1, LMO2, ERG, FLI1 andisAFiyare 1.3)lhese
seven TFs form the heptad HS@sdhave a direct effect on the HSPCs development

and differentiation.

200 bp

Figurel-3: Scheme ofATAZassociated protein complexes bound to DNA.

The figure illustrates the combinatorial interactions of sevés that regulate the HSPCs
genes expression. All of thesBsTexcept LMO2 bind directly to DNA within 200 base jgairs
less. Adapted fronfWilson et al., 2010)
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The specific HSC&sTsuch asSCL/TAL1, RUNX1, LMO2, MLL, &idXGATAZare
essential for the HSCgeneration andor maintenance (Figure 1.4). Stem cell
leukaemia /Tcell acute lymphocytic ledemial (SCL/TALYWhich belongs to the
basic helidoop-helix (bHLH) transcription family is essential for the HSCs formation.
Scl/Tallknockout (KO) mice are emjwnic lethal at E9.5 with severe defects in blood
formation at the yolk sa(Robb et al., 1995Peletion ofScl/Tallin the adult BM mice
revealed thatScl/Tallis inessential for adult HSCs maintenaniset prohibits the
final differentiation of erythroid/megakaryocyte lineag@dikkola et al., 2003)Runt
related transcription factorl (BNXL, also known as acute myeloid leukaerhia
(AML1)) is indispensable for HSCs formation in the aorta gorembnephros region
and plays an essential role in haematopoietic cells transition from the endothelial
cells(Chen et al., 2009Runx1KO mice are unable to formamatopoietic clusters

in the AGM region, signifying the roles Rtinxlin the primitive haematopoiesis.
Conversely, conditional deletion dRunxl after the definitive haematopoiesis
revealed thatRunxlis dispensable for the HSCs maintena(ken et al., 2009)n
addition, doubleRunxland Gata2heterozygote mice die anid-gestationdue toa
defect in haematopoiesis although either single heterozygotmxlor Gata2mice

are alive (Wilson et al.,, 2010)LIM domain protein 2 (LMOZ2 vital for the
development of both primitive and definitive haematopoiedisno2KO mice are
lethal at E10.5 with a particular disruption of yolk sac erythropoi@sfarren et al.,
1994) The LMOZ2 protein reacts with otherproteinsas SCL/TAL1, E2A, LDB1 and
GATAL constructing an oligomeric complex. Tamplex is requéd for the erythroid
differentiation (Wadman et al., 1997Mixed lineage leukaemidLL) is also required

for the HSCs formation and maintains the expression of Hox genes that regulate the
proliferation of primitive haematopoietic cells. Analysis Mfl-null embryonic stem
cells revealed a depletion of HSC numbers in the AGM region, indicating the essential
role of MIl in the HSCs specification and developm@atnst et al., 2004)Friend
leukaemia integrationl (FLI1) belongs to the -fatsily of s that regulate
haematopoiesis by binding to the target gene sequence GGA @AiTFull embryos

are lethal at E12.5 with severe haemorrhage in the AGM re(Bpyropoulos et al.,
2000) Filinteracts withScl/TalandGata2forming a triad complex which is essential

for the HSCs generatidRimanda et al., 20077t the progenitor leveElilenhances
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the differentiation of megakaryocyteEli1LKO mice display thrombocytopenia with a

severe reduction of megakaryocyte progenit¢&pyropoulos et al., 2000)

CITED2EVI1and eMYCTFsplay crucial roles in HSCs homeosta€ibp/P300
Interacting Transctivator with Glu/Asgich Carboxyterminal domainl (QTELR) is
required for maintaininghe survival of adult HSGSonditional deletiorof Cited2in

adult haematopoietic compartments exhibited a reduction in HSPC numbiér8M
failure phenotypegKranc et al., 2009)The eMY Cprotein reacts with BM niches to
maintain the equilibrium between HSCs selhewal and differentiation. The-Myc

KO mice showed an increase in HSC numbers and a decline in lineage positive cells
with an increment in the expression ofdddherin and dter adhesion molecules in

BM niches, signifying thatMycis required to release HSCs from their nicfi&dson

et al., 2004) On the dher hand, overexpression of-Myc in HSCs displayed
impairment in HSCs se#newal capability and increases the HSC differentiation
efficiency(Wilson et al., 2004 Ecotropic viral integration site 1\{R) is also essential

for the homeostasis of HSCs. Deletion BFil in the embryo and adult
Haematopoietic cells exhibited a reduction in the number of HSCs and a defect in
HSCs reconstitution potenti@Goyama et al., 2008likewise, low expression Bfil
perturbs the proliferation effectiveness of transformed l@eknic cells. Conversely,
overexpression oEvilin BM mice showed a weakness in HSCsrepwal and an

increase in the differentiation of multineage cell§Kataoka et al., 2011)

Other transcription factors are required for adult HSCsisglewal to maintain the
HSC pool size and prevent HSCs exhaustiodyesgoma MeMLYV irsertion region
1 BMI)), TranslocatiorETSeukaemia/ ETS Variant @EL/ETV6 Growth factor
independentl (GFI)}, Homeobox domain B4HOXBY PreB-cell leukaemia
transcription factor 1 PBX). Conditional deletion oBmil, Tel/Etv6or Gfilin adult
HSCsevealed a deterioration in HSCs selhewal potential in serial transplantation
experiments(Park et al., 2003, Hock et al., 2004a, Hock et al., 206/#ixp4is also
essential for HSCs se#dnewal and expansion. Owpression oHoxb4in mice BM
cells displayed an increase in HSCs-reeiéwal potential with an effective

repopulation capability for all committed progenitors in recipient hggtatonchik
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et al., 2002) ConverselyHoxb4null mice showed a reduction in HSCs reconstitution
potential (Bjoérnsson et al., 2003pbx1confers FK5Cs selfenewal and preserves HSCs
quiescence through TGF & A Ay | { f (Figa etldl., 200&Pbx@&null mice
accompanied by a considerable reduction in HSC numbers and an impairment in HSCs

seltrenewal potency.

At the lineagespecific level, there are several transcription facteegulaing

myeloid, erythroid/megakaryocyte and lymphoid cells differentiation sucPdsl,

D! ¢! MmX /9.tKS D! ¢! Hs (Bdue i.d)Puride YhbmntifgEs | Y R

protein-1 (PUl) belongs to the Ets family and has vital roles in the formation of
committed myeloid/lymphoid progenitors at th&mphoidprimed multipotential
progenitors (LMPPs) stagdlwasaki et al.,2005, Arinobu et al., 2007)The
commitment of HSCs towards myeloid/lymphoid or erythroid/megakaryocyte
lineages is controlled bju.1 and Gatal TFs, respectively. There is an antagonistic
interaction between Pu.l and Gatal. Gatal repressesPu.l and confers the
development of megakaryocyte/ erythrocyte progenitors, white.1 suppresses
Gatal and drives the haematopoiesis towards myeloid/lymphoid populations
(Nerlov et al., 2000)Knockin Pu.1 locus with a fluorescent reporter protein (GFP)
showedPul is highlyexpressed in LMPPs, afli1-GFP_LMPPdifferentiate to
myeloid/lymphoid lineages with low potential towds erythroid/megakaryocyte
cells (Arinobu et al., 2007)Pu.1 KO mice displayed an impaired repopulating
potential of HSCs and a severe defect in the generation of the initial
myeloid/lymphoid precursor@iwasaki et al., 2005Dn the other handknockin mice
with GFP intdGatal promoter exhibited that the level oBatal_GFPis the highest

in primitive common myeloid progenitors (CMPs) that give rise into
erythroid/megakaryocyte/ myeloid compartments with losing the lymphoadency
(Miyawaki et al., 2015)CCAAT/enhanc&r A Y RAYy 3 LINBUOSAY | LKI
for granulocytes development and guidesuhipotent progenitors toward myeloid
lineages(Radomska et al., 1998) S 6 teljulates the transition of the CMPs into
granulocyte/monocyte progenitors (GMPs), and inactivation & 6 ibJadult mice
showed prevention in GMs formation and accumulation of myeloblagfhang et

al., 2004% / 9. t hirecipfdRally antagose their expression to determine the
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mature blood cell fates. Upregulation Bul inducesmonocyte differentiation and
inhibits granulocytes maturation, while overexpression bfS 6 Li#presses
monocytes and promotes granulocyte differentiatiadomska et al., 1998pATAL
is required for both embryonic and adult erythrocytes differentiat{éujiwara et al.,
1996) Erythropoiesis is cooperatively regulated®tal, Gata2, stem cell leukaemia
(), Kruppel Like Factel (EkIf1), andfriend of GATA1Fbgl) TFs. The expression of
Gatal, Gata2, Flil,and Runxl isnecessary for megakaryopoiegiSrkin and Zon,
2008)

IKAROSIs essential for the early commitment of lymphoid progenitors and
encourages the differentiation of HSCs towards lymphoid cells. Germline deletion of
Ikaros in BM mice showed a severe reduction-zels, Fcells and natural killer cells
with normal frequencies of erythroid/myeloid cel(l&eorgopoulos et al., 1994)ow
expression ofkarosis associated with decreaseh y ( KS SELINB&aAzy
signalling receptors in lymphoid ce(f$oshida et al., 2006)n marked contrast to
murine, human GATA2 determines thdymphoidcells fate by regulating the
specification of muldymphoid progenitors NILP$ from the gimitive HSC/MPP
compartments(Doulatov et al.2012) Knockdown o6ATA2n MLPs showed normal
terminal differentiation ofymphoid cell§Laurenti et al., 2013)hese findings signify
that GATAZegulates the earliest point of lymphoid differentiation without affecting
the lymploid output. Ebox binding protein 2A (E2A) is required for the CLP formation
and induces transcription factors that are essential farelBs specification including
Early B cell factorEBF) and PAX5(Borghesi et al., 2005E2anull mice showed
immature Bcells are arrested at the early stage otéls differentiation (prepro B

cells) with the absence of maturedglis(Borghesi et al., 2005Notchl signalling and
GATABS arrange the early developmental stage-oélls.Notchl signalling regates

the commitment of lymphoid cells. Overexpression of Notchl in BM mice displayed
an increase in-€ell numbers and a reduction in the frequencies afdlls, whereas
Pax5promotes Bcells differentiation by repressing Notchl signalling recep(Brs

et al., 1999, Delogu et al., 200&ata3-null embryonic stem cells displayaormal
frequencies of erythroid, myeloid anddglls, but showed a deficiency in mature T

cells with a failure in the formation of doubleegative thymocyte$Ting et al., 1996)
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GATAZ2 is another important transcription factor for the HSC generaignivaland
maintenance. The role of GATA2 in haematopoiesis is discussed (selcvon 1.3)
In summary TFs are essential for regulating haematwesis, alterations in F5
expression levelsup-regulation or dowrregulation) may initiate and/or promote

the development of Haematological disorders

self-renewal

Bmil, GfiL

quiescence, survival

Gataz, Scl/Tal, Run, Transcription factors for
Lma2, MIl, FIL,EvL, HSCs generation,
l and differentiation

[ Transcription factors
B Growth factors
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Figurel-4: Transcription factors ilaematopoiesis.
HSCs generation, maintenance and differentiation are regulated by a varied combination of

transcription factors, cytokines, and growth factors. @catescolony-stimulating factor
G-CSF, granulocytd8SF; MCSF, macrophagé&sSF; GMCSF, granulocytesnacrophages
CSF; IL, interleukilPA@apted from(Orkin and Zon, 2008, Kaushansky, 2D06)
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1.1.6 The cell cycle regulations foHSCsquiescence seltrenewal, and

differentiation

The distinct feature of HSCs is their seinewal potential and the ability to
differentiate into all types of mature blood cells. Since HSCs maiataupply of
lineage cells throughout the lifetime of an individual, 8IErenewal is required for

the continual maintenance of HSCs pool sizermtect HSCs exhaustidibeita and
Weissman, 2010) The HSC activity within the cell cycle is reflected in the
developmentademandsof the organism. Foetal HSCs aapidly divided to support

the growth requirements andround100%of HSCs are activated within the cycle in
murine foetal live(Nygren et al., 2006 onverselyapproximately75% ofadultHSCs

are in quiescencand around 25%f HSCs enter the cell cydie maintain blood
homeostasidor a long periodn adult life (Cheshier et al., 1999The equilibrium
between quiescence and proliferatioirs mediated by a complex network of
intracellular and extracellulanechanismsthat regulate the cells fateThe cell cycle

is comprised of interphase and mitosis phases. The interphase is comprised of three
sub-phases: Gbhase, $hase, and Gphase. Cells grow during the G1 phase, and
cells that reach the G&heckpoint mak the decision to enter the-Shase or return

to the resting stage (Gphase also known as quiescent phagPardee, 1974)n the
Sphase, the DNA synthesis takes place and cells continue to grow and prepare for
the cell division. During the mitosis phase (M phase), the cell divisiomrs, and the
accuracy of mitosis is assessed at theéckpoint. HSGse dividedhrough the cell

cycle andundergoeither symmetric or asymmetric division and give risel&ughter

HSCs and/or committed progenitor cellsdure 1.5(Nakamuralshizu et al., 2014a)

The cell cycleegulatory proteins such asyclindependent protein kinases (CDKs)
encourage HSCs to enter the cell cycle gg@sawhile cyclindependent kinase
inhibitors (CKIspare essential to maintain HS®sa quiescenstate (Morgan, 1997)

At each phase of the cell cycle, CDKs bind to their cyclin partner to form an active
complex(Figure 1.5 Retinoblastoma family ofranscriptionalproteins KB, P107,
andP130) repress cells from entering theell cycle by suppressing EZ TFs (Ho and
Dowdy, 2002, Giacinti and Giordano, 2Q0&) enter the G¥hase,CDK4 and CDK6

interact with cyclinD to form a cyclinD_CDK4/6 complexo initiate the
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phosphorylation of retinoblastoma proteins (RB®s subsequently activatEZ TFs
and allow cells to continue through the @hase(Ho and Dowdy, 2002, Giacinti and
Giordano, 2006)At the end of Gphase, further phosphorylation of RBBsxecutedl

by a cyclifFE_ CDK2 complex that requirestry into the Sphase to commence the
DNA synthesis(Ho and Dowdy, 2002, Giacinti and Giordano, 200®)e cyclin
A_CDK2 and cyciih CDK1 complexes preserve the progressimough the S and
G2 phases, respectively. In the last phake,cydin-B_CDK1 complex promotes cells
to enter the M phase to commence the cell divisigto and Dowdy, 2002, Giacinti
and Giordano, 2006)The deletion of RBPs in adult mice was accompanied by an
increasein HSCs proliferation and a reduction in HgGigscence(Viatour et al.,
2008) The numbers of HSPCs gradipheral red blood cellere significantly reduced
in the cyclinD_CDKA4/6deficient miceduring embryogenesi¢Kozar et al., 2004,
Malumbres et al., 2004)

On the other handCKIlgegulate the cell cycle during the G1 phase by hindering the
activity of CDK<LCKIs are divided into two main categori&geInhibitor of CDK4/6
(INK4) family p15,p16,p18 andpl9) andthe CDK inhibitory protein/kinase inhibitor
protein (CIP/KIP) famil{p21, p27, andp57), in which NK4 proteins repress the
activity ofcyclinD_CDK4/6 comples wherea<IP/KIRroteins suppress theyclin
E_CDK2 compleBoth families estrainthe cell cycle at G@1 phase bynhibiting

the phosphorylation ofRBPs(Viatour et al., 2008) The Blymphoma MoMLV
insertion region 1BMI1) represses the expressionpif6/p19 proteins to sustain the
selfrenewal potential of HSCBmildeficient mice exhibite@nincrease impl6/pl9
expression and a significant reduction in cycling H&@san impairment inadult
HSCselfrenewal (Park et al., 2003)'he number of cycling HSCs was increased in
pl8knockout micewith an intact seHrenewal capability of HSQ¥uan et al., 2004)
The expression @21 is prompted byhe p53 proteinwhich regulateshe quiescence

of HSCsp53-null adult mice displayed a depletion in quiescent HSCs and an
imperfection in HSCsselfrenewal upon serial transplantation experiments
(Matsumoto et al., 2011)Iin addition to he cell cycleegulatory proteinsthere are

a lot of TS, growth factorsgytokines and signalling pathwayshat influence the

HSCs fate to maintain the adequate levelotdod homeostasis. For instance, BM
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Quiescence

Figurel-5: The cell cycle regulations of haematopoietic stem ahilision.

HSCs undergo either asymmetric divisions, which HSCs advancewttSCs (setenewal)

and HPCHhéematopoietiqrogenitory, or symmetric divisions, which HSCs give rise into two
identical HSCs (an expanded HSCs pool size) or HPCs (inpredsetion of mature blood
cells).HSCsndicate haematopoietic stem cells; HPCs, haematopoietic progenitor cells; and
CDK, cyclidependent kinaseAdapted from(Ezoe et al., 2004, Nakamdishizu et al.,
2014a)
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1.1.7 Bone marrowniches

Adult HSCs are anatomically losadi in a particular region of theBM
microenvironment known astem cell nichesThe fate oHSCs towardselfrenewal

and differentiationis principally organised by extrinsic factors deriving from BM
niches(Morrison and Scadden, 2014, Orkin and Zon, 2008, Crane et al., 2017, Ding et
al., 2012) Many types of stromal cells are involved in the construction of BM niches
as mesenchymal stem cell$iproblasts, osteoblasts, endothelial cells, adipocytes,

and mature blood cells, and produce substances like glycoprotein, collagen,
glycosaminoglycans, cytokines, and growth fagtahat create the extracellular
matrix (Morrison and Scadden, 2014, Orkin and Zon, 2008, Crane et al., 2017, Ding et
al., 2012) Several studies have suggested that the riizlocalises in an endosteal
osteoblastic niche (adjacent to osteoblast cells) and a perivascular endothelial niche
(close to blood vessel@yorrison and Scadden, 2014, Orkin and Zon, 2008, Crane et
al., 2017, Ding et al., 2012)JSCs reside in the BM cavity with a hypoxic atmosphere,

in which quiesent HSCs locate at the highest area bfpoxicgradient whilecycling

HSCs and differentiated haematopoietic cells settle at the lowest areshgpaxic

gradient in BM niche@armar et al., 2007)

HSC nichegroduce soluble growth factors and cytokines that encourage HSCs
maintenance such as thrombopoiet{iiPO)angiopoietinl (Angl), stem cell factor
(SCF)and stromalderived factorl (SDF1, also known &X-C chemokinel2
(CXCL12)TPO binds to thenyeloproliferative leukaemia protein {§MPL) receptor,
which is expressed on HST®O/eMPL signalling is essential for HSCsreeléwal

and megakaryocytes maturatiofKimura et al., 1998)The number of HSCs was
decreased inc-Mpl-null mice as well as the seknewal ability of HSCs was
attenuated inserial transplantation assaykimura et al.1998) Ang1 interacts with
HSCs through th&IE2 receptor, a tyrosine kinaseceptor, topreserve HSGs a
guiescent stateby maintaining the adhesion of HSCs to the bo(&rai et al., 2004)
Bothosteoblast and vascular endothelial caécrete SCF which confers HSCs growth
and survival by binding to the-KIT receptor, a tyrosine kinaseeceptor. No
difference in the HSC numbers was observe8adfosteoblasts deficient mice while

a massive reduction in the H8@mberswas detectedn Scfvascular endothelial cells
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null mice, andScfknockin mice experiments revealed thaascular endothelial cells
were a major source of SCF in BM nicfi2ieg et al., 2012)SDF1 ipredominantly
producedby perivascular stromal cells while endothelial and osteoblast cells express
a low level ofSDF1, whichreacts wih HSCs through CX@emokine4 receptor
(CXCRADIng and Morrison, 2013)

SDF1/CXCRA4 signalling enhances the HSC mainten&aonoeing, mobilisation and
proliferation of myeloid and lymphoid progenitof®ing and Morrison, 2013, Wright
et al., 2002, Sugiyama et al., 200B)ng et alinvestigated whetheHSPCsccupy
the same BM niches or not by the deletionSdflfrom endothelial cells, osteoblast
cells or perivascular stromal celgydthey concluded that HSPCs reside in a different
BM microenvironmentand HSCs exist primarily anperivasculaendothelialniche
whileanendosteal osteoblastic niche is the homeeafly lymphoid progenitoréDing
and Morrison, 2013Moreover, CXCLI&bundant reticular (CAR) cells are locaited
the BM perivascular spa@nd secrete a large amount of CXCl3dgiyama et al.,
2006) The majority oHSCsvere attached to CAR cells via CXCR4 in &otosteal
osteoblastic and perivascular endothelial niches, and these findings suggest that CAR
cells are the prominentcomponent in BM niches and play &ssential role in the
HSCs quiescen¢Sugiyama et al., 2006Fooperatively, these finding sived that
BM niches regulate the HSCs fate by conferring the Hs@stenance homing

quiescence, seffenewal,and differentiation.

Adipogenesiss a process of MSCs differentiation into adipocytes that form fat cells
in the bone marrow nichéTong et al., 2005, Tong et al., 2000Jhe expression of

/[ 9. th I Yy R -profifet@oEdctivatedBceptord  PRAR, adipocytes

YI NJ SND Ay RdzOB th& simulate mdipBcytés diffe¢entiatiofiTong et

al., 2005, Tong et al., 2000Permanent GATAGATA3 expression represses the
differentiation of adipocyteprecursors gre-adipocytes) towards adipocytes and
directly inhibit the activity oPPAR-mRNA(Tong et al., 2000)Therepression of
adipocytes generations mediated by the intexction of GATA/GATA3 Fs with
adipogenesis regulatorg (9 . t h k)/(Tbngtet al., 2005)Thus,down-regulated

GATARIGATAS expression is required for termiadipocytes formation

23



1.1.8 Agedhaematopoietic cells

Ageing HSCs are accompanied with several alterations including an incremental
increase in HSC numbers, a reduction in the reconstitution potential, an impairment
in HSCs setenewal capability, alterations in HSCs polaritgjminished adaptive
immune cels, changes in BM homing efficiency and skewing in HSCs differentiation
potential towards myeloid lineaggdorrison et al., 1996, Kim et al., 2003, Pearce et

al., 2007, Rossi et al., 2005, Liang et al., 2005)

Despite an increase of HSC numbers in old mice, the repopulation ability of HSCs was
reduced upontransplantation experimentationgMorrison et al., 1996, Kim et al.,
2003, Pearce et al.,, 20Q7perial transplants of either BM or HSCs from aged
haematopoietic compartments displayed a reduction idyBphocytes and an
impairment in HSCs selénewal potential(Kim et al., 2003)The increase in HSC
numbers is associated with a rise in HSCs cycling, a decrease in apoptosis level in HSCs
and a reduction in genes expressitrat trigger HSCs apoptos{dorrison et al.,

1996, Pearce et al., 2007Analysis of expressed genes in old HSCs revealed that
genes involved in the stress and inflammation responses were upregulated, whereas
genes involvedthe integrity of genomes and chromatin modifications were
downregulated (Chambers et al., 2007The most likely mechanism that causes
imperfections in HSC functions is an accumulation of genomic materials due to a

defect in DNA damage repair pathwa§ossi et al., 2007)

Changes in HSCs polarign asymmetric distribution of cellulsglements, are
another characteristic of elderly HSA%e fluctuation of polarity in aged HSCs is
associated withan increase irthe expressiorievel of Cell division cycld2 Cdc42,

an essential regulator aéxtracellular matrixFlorian et al., 2012Pharmacological
inhibitors of Cdc42in aged HSCs were accompanied by an increase in HSCs
differentiation towards lymphoid cells and improved H3€K-renewal potential.

Thus, aged HSCs rebuild thealarity upon theCdc42downregulation.

Aged HSCs exhiltitaseddifferentiation towardmyeloid cells and a reduction in the

output of lymphoid cell§Kim et al., 2003, Rossi et al., 200Bhe gene expression
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analysis of young and aged HSCs displayed -aegugation of myeloigpriminggenes

and a downrregulation of lymphoidgriminggenes in old HS@gen compared with
young HSC@Rossi et al., 2005Aged HSCs are highly expressed genes that associate
with the development of myeloid malignanci@®ossi et al., 2005, Signer et al., 2007)
In addition, aged BM niches display different biolagftinctions when compared to
young microenvirorments. Rantes CCLE an inflammatory cytokine, is highly
secreted byelderly HS@iches andncourages the haematopoiesis towards myeloid
lineages (Ergen et al., 2012)Retroviral overexpression ofcl5in murine BM
compartmentsshowed an expansion imyeloid cells and aeduction in lymphoid
cells. WhileCcl5null mice revealed dymphoid skewing lineageand a profound
reduction inmyeloidprogenitors. Collectivelyhese data propose that aged HSCs are
associated with an increased predisposition to devetdpnal haematopoiesis,
myelodysplasia, myeloproliferative and acute myeloid malignancies in elderly

people.
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1.2 Myeloid malignancies

Myeloid neoplasms are clonal illnesses that distirematopoietic stem and
progenitor cells (HSPGd)aracteristicsuchas proliferation, differentiation, and self
renewal(Arber et al., 2016, Rodak et al., 20118)general, myeloid malignancies are
divided into chronic and acute phase<hronic phasesare slow malignarcies
progression such as myelodysplastic syndromes, (MDSinyeloproliferative
neoplasms (MPNand MDS/MPN overlapping neoplasms, while acotalignancies

progress rapidlys acute myeloid leukaem{&igure 1.6§Arber et al., 2016, Rodak et

al., 2013)
Myeloid malignancies
AML MDS MPN MDS/MPN
/ >20% of blast \ /<20% blasts in BM.\ /increased mature\ /Dysplastic features\

cells in BM or PB.

PB cytopenias with

proliferation of one
ore more blood cells

with increased mature
cells in one or more

Abnormal
differentiation and

lineage dysplasia in
one or more

blood lineages
CML: BCR-ABL1

accumulation of cells lineages PV: JAK2 CMML: ASXL1, TET2,
in BM. PMF: JAK2, CALR Atypical CML: SETBP1
ET: JAK2, MPL JMML: Ras pathways

Figurel-6: Scheme illustrates the clonal myeloid malignancies

1.2.1 Acute Myeloid Leukaemia

Acute myeloid leukaemia eeterogeneous disorders that lead to clonal growth and
accumulation of immature myeloid cells (blast cells; undifferentiated precursor cells)
in the bone marrow with extramedullary tissues infiltratiGhrber et al., 2016, Rodak

et al., 2013) The majority of AML cases are acquired malignancy in previously healthy
individuals. AML is the most frequent type of leukaemia in the neonate, but the
disease is rare to occur in childhood and adolescenhe.incidence of AMis more
recurrentin elderly peoplewith a median age adibout65 yeargRodak et al., 2013)

The clinical manifestation of AML peaits is generally nonspecific but results from
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bone marrow failures such as anaemia, thrombocytopenia and neutropenia which
advance to the clinical findings of fatigue, bruising and bleeding, and susceptibility to
infections, respectively(Rodak et al., 2013)AML patients are treated with
chemotherapy, immune gulation therapy and bone marrow transplagfRRodak et

al., 20B). Early diagnosis and treatment are significant contributing factors for a
better prognosis, and the disease could be lethal if patients were untreated within a

few months secondary to infections or bleeding.

1.2.1.1 AMLclassification

Two main systemsre commonly used to classify AML subtypes: the olBesnch
AmericanBritish (FAB) and the newer World Health Organization (WHO)
classifications. The FAB system was proposed in 1976 by a group of French, American,
and British haematologists. The FAB systenbased on the morphological and
cytochemical characteristics of leagmic cells to distinguish between different types

of AML (FAB MO to M{Bennett et al., 1976)In 2001, the WHO published a new
classification system in order to replace the old FAB system to become the crucial
modality for AML classification as a part of efforts to improve the diagnesignosis

and treatment of AML caséklossfeld, 2002)rhe WHO classification of AML contains

all FAB categories and further consists of a combination of morphology,
immunophenotypes, chromosomal translocations, genetiesions, and clinical
presentation.The FABystemrequiresapproximately30%blastcellsin BMaspiration

or peripheral blood for the diagnosis of AML, while the WHO category decreases the
blast threshold to 20%.hHEe WHO classification was updated in 2016 and identified
six AML major subtypd$able 1.2(Arber et al., 2016)Furthermore, based on clinical
ontogeny, AML can be subdivided into three groups:D&) novoAML arises in
individuals without preceding haematological disorders or &wkogenic exposures;

2) secondary AML arises in patients who have a clinical hisfongematological
disorders such as myelodysplastic syndrome (MD®)yaloproliferative neoplasm
(MPN) and 3) therapyrelated AML is associated with prior chemotherapy or
radiotherapy exposuref.indsley et al., 2015)
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1.2.1.2 AML pathogenesis

Theaccumulation of sromosomal abnormalitieas well as gene mutatiomesults in

a clonal population of poorly differenti@d myeloid precursor cells. About B0% of

all AML patients are cytogenetically normal, while cytogenetic abnormalities are
found in approximately 5@0% of adult AML, including loss or gain of the whole
chromosome, chromosomal deletion, inversion andnslocation(Ghanem et al.,
2012, Mrozek et al., 2004%enetic mutations are also identified in more than 90%

of AML casefPatel et al., 2012, Metzeler et al., 2016)

A two-hit model hypothesis has been suggested for categorising the mutations that
associate with leudemogenesis. In this paradigm, class | mutations enhance the
cellular proliferation and survival without affecting the cellular differentiation such

as recetor-tyrosine kinases upregulation (FLT3 anKI€) or signalling pathways
(RASRAFIMEKERK), whereas class Il mutations which comprise genetic alterations

in haematopoietic transcription factors cause impairment in haematopoietic cells
differentiation as CCAAT/enhancéinding proteinl f LJIK | 0/ Shintdingd = O2 |
factor (CBF), nucleophosminl (NPM1), promyelocytic leukaestii@oic acid
receptoralpha (PMiw! wh 02 YA ESR tAySIF3IS € Sdzl | SYAl
family (Deguchi and Gilliland, 2002, Dash and Gilliland, 208&¢ording to this

model, class | & Il mutations must occur together for the initiation of haematological
neoplasmsSince AN patients carry other types of mutations that cannot fall within
class | or Il, class lll mutations have been established including mutations of
epigenetic modifiers that regulate cellular proliferation and differentiation such as
DNA (cytosiné)-methyltransferase 3A (DNMT3A), Tet methylcytosine dioxygenase

2 (TET2, Additional sex combs like 1 (ASXL1), and Isocitrate dehydrogenase 1/2
(IDH1/2)(Metzeler et al., 2016)The mutations oFLT3NPMland DNMT3Agenes

are the most frequent in AML patients, figure 1.7 illustrates the percentages of the

most common mutated genes in 664 AML ca@éstzekr et al., 2016)
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Tablel.2: The latest WHO classification of AML.
Adapted from(Arber et al., 2016)

AML with recurrent genetic abnormalities

o To T o To T To To T Do Io

AML with t(8;21)(g22;922.1);RUNX1_RUNX1T1

AML with inv(16)(p13.1922) or t(16;16)(p13.1;922);CBFB_MYH11
Acute-promyelocytic leukaemia with t(15;17)(q22;q12) PML_RARA
AML with t(9;11)(p21.3;923.3);MLLT3_KMT2A

AML with t(6;9)(p23;934.1);DEK_NUP214

AML with inv(3)(g21.3926.2) or t(3;3)(q21.3;926.2); GATA2, MECOM
AML (megakaryoblastic) with t(1;22)(p13.3;9g13.3);RBM15_MKL1
AML with BCR_ABL1

AML with mutated NPM1

AML with biallelic mutations of CE B P U

AML with mutated RUNX1

AML with myelodysplasia-related changes

Therapy-related myeloid neoplasms
AML, not otherwise specified (NOS)

To To To T o Do Do Do I

AML with minimal differentiation

AML without maturation

AML with maturation

Acute myelomonocytic leukaemia

Acute monoblastic-monocytic leukaemia
Acute erythroid leukemia

Acute megakaryoblastic leukaemia
Acute basophilic leukaemia

Acute panmyelosis with myelofibrosis

Myeloid sarcoma

Myeloid proliferations related to Down syndrome
A Transient abnormal myelopoiesis (TAM)

A

Myeloid leukaemia associated with Down syndrome
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Figurel-7: The most frequently affectedgenes in AML patients.

A chart depicts the frequency of mutated genes in 664 AML caslepted from(Metzeler
et al., 2016)
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1.2.2 Myelodysplastic Syndromes

Myelodysplastic syndromes (MDS), known as predeokc phenotypes are
heterogeneous illnesses that characterise by proliferation of myeloid
/erythroid/megakaryocyte hematopoietic cells with ineffective differentiation
leading to bone marrow failure ancepgpheral blood cytopenias, reflecting abnormal
development of one or more of the blood cell lineages (erythrocytes, platelets, and
myeloid cellsYMufti et al., 2008, Bejar and Steensma, 2014, Mufti, 2004, Rodak et
al., 2013) MDS are onef the most common haematological disorders in elderly
patients, with a median age at diagnosis of over 65 years, though MDS can occur in
younger individuals(Rodak et al., 2013)MDS patients present with clinical
manifestations of anaemiajeutropenia,and thrombocytopenia, leading to fatigue,
more susceptibleéo infections, bleeding and bruising and other symptqiRedaket

al., 2013)

1.2.2.1 MDS classification

There are three classification systemsingto classify MDS into subtypes. In 1982,
MDS were classified by the FAB classification scheme depending on the percentage
of blasts and morphological dysplastic crite(@ennett et al., 1982)Patients are
diagnosed with MDS when the percentage of blasts is abe?@% of alBM cells

and/or dysplastic bone BM is existent. Secondly, the International prognostic scoring
system (IPSS) was introduced in 1997 and is based on a percentage of BM blasts,
cytogenetic abnormalities and the number of cytopenf@eenberg et al., 1997)

The IPSS system is useful in predicting rates of survival and transition to AML.
According to the IPSS criteridetincrease percentages of blastlls (less than 5%,
5%10%, 11%20% and 21980%) indicate the severity of MDS with an elevated risk
for AML progression. Finally, the WHO developed a classification system for MDS in
2001, followed by a revised version2008. Later in 2016, a newly revised version
was released and identified eight MB8btypes(Table 1.3)JArber et al., 2016)The

WHO system relies on morphologic features, clinical features, and exysbg

abnormalities. According to this scheme, patients with 108%b BM blast cells are
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diagnosed with higllisk MDS, whereas patients with more than 20% of blast cells

are diagnosed with AML.

1.2.2.2 MDS pathogenesis

Based on the clinical ontogeny, MDS das subdivided into two categories: 1)
primary MDSde novoMDS occur in previously healthy individuals and 2) Secondary
MDS/therapyrelated MDS appear in patients who have a clinical history of prior
exposure to chemotherapy or radiotherapy to treat anotheredical illness.
Cytogenetic abnormalities are found in about 50% of MDS cases, including
monosomy 5 or 7, deletion of the long arm of chromosomes 5, 7 or 20, trisomy 8,
translocations, inversions and deletions involving other chromosofBegar et al.,
2011) Somatically mutated genes are frequently found in adult MDS patients,
including mutations in mMRNA splicing factors, epigenetic regulators, TP53,
transcription factors,cohesion factors and kinase signalling pathwégsjar and
Steensma, 204, Sperling et al., 201Mutations of genes that encode mRNA splicing
and epigenetic regulations are the most frequent in MDS patients and represent
around 75% of all caséBigure 1.8]Bejar and Steensma, 2014, Sperling et al., 2017)
The genetic abnormalities in MDS patients including chromosomal abnormalities,
gene mutations, and epigenetic abnormalities are associated with AML
transformation(Bejar et al., 2011)About 30% of all patients with MDS evolve AML
during the course of thdiseasgMufti, 2004)
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Tablel.3: WHO categosation of MDS.
Adapted from(Arber et al., 2016)

MDS with ring sideroblasts (MDS-RS)
A MDS-RS and single lineage dysplasia
A MDS-RS and multilineage dysplasia

MDS with multilineage dysplasia
MDS with excess blasts

MDS with isolated del(5q)

MDS, unclassifiable
Provisional entity: Refractory cytopenia of childhood

Myeloid neoplasms with germ line predisposition

Transcription

factors

RUNX1, ETV6, Mutations in

GATA2, CEBPA, other genes mRNA splicing
NPM1, WT1, 20% factors 40%

Cohesion factors SF3B1 18%
STAG2, CTCF, U2AF1 12%

SMC3, SMC1A, SRSF2 12%
ZRSR2 3%

CBL, MPL, FLT3, Epigenetic regulators U2AF2

Signalling pathways SF1
NRAS, KRAS, JAK2, PRPF8 0
5%
35% LUC7L2

TET2 20%

ASXL1 15%

DNMT3A 12%

IDH1/2 5%

EZH2 5% -
BCOR
BCORL1 - 5%
ATRX

Figurel-8: The most recurrentlyaffectedgenes in MDS patients.
Adapted from(Sperling et al., 2017, Bejar and Steensma, 2014)
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1.2.3 Familial leukaena syndromes

There are several hereditary syndromes with systemic anomalies that predispose and
develop haematological malignancisach ag(1) BM failure syndromesas severe
congenital  neutropenia, DiamorBlackfan anaemia, and congenital
thrombocytopenia;(2) DNArepair deficiency syndromegss Fanconi anaemiaand

(3) tumour suppressor gene syndromeas LiFraumeni syndromgOwen et al.,

2008) However, there are some families without systemic manifestations evolving
haematological malignancies known as pure familial neoplaSoree genes have

been identified in norsyndromic MDS/AML predispositimuch asv] b - mZ, / 9. t
GATA2, ETV6, ANKRD#G) DDX4{Table 1.4(Song et al., 1999, Arber et al., 2016)

Hereditary leukaemia patients are relatively rare, and they are younger than sporadic
MDS/AML cases, with an autosomal dominant inheritance pat{@wen et al.,
2008) Other acquired mutations are required for the MDS/AML transformation.
RUNX1 Familial leukaemia, also known as familial platelet disorder, is chastteri
by thrombocytopenia and platelets dysfunction with an increased propensity of
evolving MDS/AM[Song et al., 1999CEBP mutations are also involved in Familial
MDS/AML with similar features in both germline and sporadic c&Sesn et al.,
2008) The morphological lineaments consist FAB M1/M2 subtypes, normal
karyotypes,an abundance of Auer rodsnisexpression of CD,/and eosinophilia.
Haploinsufficiency of GATAZ2 is another familial MDS/AML predisposition gene with
mutations in the second zinc finger domaigréahn et al., 2011)in addition, these
mutations have been also reported in other immunodeficiency syndromes with
MDS/AML predisposition as MonoMAC syndrome, DCML deficiency syndrome, and
Emberger syndrome with additional systemic abnormalities (reviewed in further
details in section1.3.95 (Dickinson et al., 2011, Hsu et al., 2011, Ostergaard et al.,
2011)
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Tablel.4: WHO categories of familial neoplasms.
Adapted from(Arber et al., 2016)

Myeloid neoplasms with germ line predisposition without organ
dysfunction

A AML with germ line CEBPA mutation

A Myeloid neoplasms with germ line DDX41 mutation

Myeloid neoplasms with germ line predisposition with
pre-existing platelet disorders

A Myeloid neoplasms with germ line RUNX1 mutation

A Myeloid neoplasms with germ line ANKRD26 mutation
A Myeloid neoplasms with germ line ETV6 mutation

Myeloid neoplasms with germ line predisposition and other
organ dysfunction

A Myeloid neoplasms with germ line GATA2 mutation

A Myeloid neoplasms associated with BM failure syndromes
A Myeloid neoplasms associated with telomere disorders

A Myeloid neoplasms associated with Down syndrome

1.3 GATAZranscription factor

1.3.1 The GATA family of transcription factors

The GATAGuanine/Adenine/Thymine/Adeninée) family is a nucleazincfinger (ZnF)
transcriptional factors that trigger or sppess the expression of target genes by
binding to the DNA sequence WGATAR (W:A/T, R:A/G) through two togisisrved
ZnF domains, in which each ZnF domain binds to-dgsteines and forms Gy&*
CysX17%CysX2Cys complexes to stabilise the construction of ZnF don{Mesika

and Orkin, 1993, Tsai et al., 1989he GATA family contains six members. The
expression of GATALl, GATA2 and GASA&Nnd in haematopoietic cell lineages,
while GATA4, GATA5 and GATAtmbers are expressed in tissues of
mesodermal/endodermal ancestries such as the heart, liver and (Bgure 1.9)
(Laverriere et al., 19945ATAL is broadly expressed within the differentiated cells of
the erythrocyte, megakaryocyte and eosinophil linea¢@skin, 2000) Conversely,
GATAZ2 is specifically expressed in adult and embryonic haematopoietic stem and

progenitor cells (HSPCerythroid-precursor, megakaryocytes and mast c€llsai et
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al., 1994, Tsai and Orkin, 199GATA3 is essential for thec&lls developmen(Ting

et al., 1996) On the other hand, the expression of these GATA members is not only
restricted to haematopoietic lineages, in which GATAL can be expressed in the testis
in Sertolicells; GATAZ2 existent in the central nervous system, endothelial cells and
placenta; and GATA3 is found in kidney, central nervous system an@/glente et

al., 2012a)

The particular haematological functions of the GATA family members have been
widely studied usingGata-knockout (KO) miceThe expression of GATAL is
indispensable fothe normal maturation of erythroid, megakaryocytes, and mast
cells.Gatal-KO mice reveal defective erythropoiesis witlocking in the erythroid
differentiation at proerythroblast phaseand die at embryonic day (E) 1€a1%.5
(Takahashi et al., 1998, Fujiwara et al., 19%@ult Gatalheterozygote mice die at

5 months old with serious anaemia attttombocytopenia due to splenomegaly, in
which pro-erythroblast/megakaryocyte precursor cells fail to terminally generate
mature erythroid/megakaryocyte dsl and accumulate ithe spleen(Takahashi et

al., 1998) Low expression oBatalis also associated with a defect mmast cells
differentiation, while mast cells restore their differentiation potential upon
retroviralderivedGatal overexpression (Migliaccio et al.,, 2003) Gata2-null
embryos die at EXQ1 of gestation due to severe anaemia and show a defect in HSCs
formation (Tsai et al., 1994)GATAS3 is a vital contributory factor thymocytes
differentiation and terminal Iells maturationGata3mutant mice die at EX12 due

to internal haemorrhage and display growth malformations in spinal cord and brain
(Pandolfi et al., 1995)Gata3null embryoniestemcells show a reduction in
circulating Tcells due to an impairment in immaturthymocytes development
(double-negativethymocytes) with normal differentiation towards myeloid/
erythroid/B-cell populationgTing et al., 1996 Gata4null embryos die at E8-50.5
revealing defects in heart tube formatiqkuo et al., 1997)Gata5KO mice are born
healthy bu show some genitourinary abnormalities in femal@golkentin et al.,
2000) Early embryoethality is observed inGata6null mice due to defective

extraembryonic developmenKoutsourakis et al., 1999)
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Figurel-9: The expression of GATA family members.
Adapted from(Lentjes et al., 2016)

1.3.2 GATAZenestructure and expression

TheGATAZene is situated othe human long arm of chromosome three (3921.3),
while chromosome six includes the muriGata2 gene. The humaiGATAZ2gene
contains seven exons and can produce three mRNA transcripts, whereas the muri
Gata2 gene has six exons and can produce two mRNA trans¢fipgsre 1.10 A and

B) (Lee et al., 1991, Minegishi et al., 1998)e transcripts are identical and only differ
at their first untranslated exon, in which the distatld®on is specifically ut#d in
haematopoietic and neuronal compartments while the proximakan is exploited

in all other tissues that express GATABout 466c480 amino acidsre produced
from both murine andhumanmRNA transcriptsvith a molecular weighof around

50 KDaTheGATAZQenome has two fully preserved zinc finger (ZnF) domains that
are encoded by exon 4 and 5t&rminal zinc finger (nF)which interact with other
proteins (proteinprotein reciprocal interactions), and-terminal zinc finger (ZnF)
which is responsible for the specificity of DNA bindificainor et al., 2000, Merika

and Orkin, 1993)TheGATAXon-finger domains encompass of two transactivation
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domains (TAD), sited in both terminal regions; a nuclear katan signal (NLS); and

a negative regulatory domain (NRByure 1.10 &(Minegishi et al., 2003)

GATA2expression is controlled bgpecific cisacting regulatory elements that
distribute throughout the mouse genome such a&7kb,-3.9kb,-2.8kb,-1.8kb, and
+9.5 kb, these elements adefined according to their position to the 4&omoter
(Grass et al.,, 2006)These positions are occepi by Gataz2 itself or other
transcription factors to regulate the expression of downstream targets.-&lement
Ludy 10 dzLJa iexadis requiged folati28xpmegsion in haematopoietic
da0SY YR LINRPISYAG2NI OStf a s&ite {eprdssedrthe ¢ KA f
expression ofGata2in early erythroid progenitorg¢Grasset al., 2006) -77kb-null
mice die at embryonic day 14 due to anaemic phenoty@desnson et al., 2015The
deletion of-77kb enhanceresults ina defect in the differentiation ofoetal-liver
myeloid/erythroid/megakaryocyte progenitorsA ciselement +9.5kb, an -Box
domain, is located im the fourth intron and regulates HSCs generation by controlling
the expression of essential genes tlae required forthe emergence of HSCs from

the haemogenic endotheliunGao et al., 2013)

The GATAZ transcription factor is modified by pinahslational modifications such
as phosphorylation, acetylation, sumoylation and ubiquitination, which are essential
for GATAZ2activation and repressn (Figure 1.0 C). Interleukif3 phosphorylate
GATA2 in haematopoietic progenitor cells by activating the miteaivated
protein kinase pathway that regulagecellular proliferation and differentiation
(Towatari et al., 1995)GATAZ2can also be phosphorylated alclindependent
kinases (CDKs) motifs, indicating the regulated functions ATA% in cellular
proliferation (Koga et al., 2007¢ATAZ2 can be acetylated at different lysnesidues
that enhance the effectiveness of GATA2 Eli&ling capability, and mutations
these sites are associated with a disruption of BATAZ2 proteirfHayakawa et al.,
2004) Two potential sumoylatiositeshave been identified in humaBATAZ2 protein
(human 22%224 and 388391 amino acids), and this modification is associated with

transcriptional suppression(Chun et al.,, 2003) Ubiquitinationproteasome
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dependent pathways are responsible for GATpAGtein degradation(Minegishi et
al., 2005)
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Figurel-10: Genomic and protein structure dBATA2

(A) The scheme describes the humaBATA2locus. Arrows show the starter sites for
transcription. Additional information is currently unavailable about the third mRNA
transcript. (B) Diagram illustrates the mouSata2locus. Spanning about 8.6 kb. (@ATA2
protein has several sites for pestinslational modificationsGATAZnF domains interact
with other proteins asOG1, PU.1, HDAG ¢ . ¥ andRLZRhighlighted in purple
Adapted from(Vicente et al., 2012a, Rodrigues et al., 2012)

39



1.3.3 GATAZunctions in HSCs specification and maintenance

Many investigationainethodologies have beeemployedto evaluate the function of
GATAZ2 in haematopoietic stem and progenitor cells (HSPCs) and haematopoiesis.
GATA2 expression profile displays t@ata2-mRNA expression is the highest in HSCs
and the mMRNA level gradually diees during the cellular development
/differentiation into mature blood cells that show the leaSata2-mRNA expression
(MenendezGonzalez et al., 2019b, Orlic et al., 1995, Guo et al., 2@&p2
reporterknockin mouse models show thaGata2 is expressed in primitive
haematopoietic cells as early as embryeday 7.5 in the yolk a placenta, detal
liver, and aortieendothelial cells and intraortic haematopoietic cluster cells of the
Aorto-GonadMesonephros region, where definitive haematopoiesis occurs
(Minegishi et al., 2003, Kaimakis et al., 20k)ockin Gata2Venus fluorescent
reporter in Gata2locus with typicalGata2expression/function shows all HSCs in the
AGM region at E11 are expressédtazVenus andata2Venuspositive cells are
able of reconstituing multi-ineage haematopoietic cells in transplastudies
whereas some HPCs are negative GatazVenusreporter (Kaimakis et al., 2016)
Colonyforming-cell (CFC) assaywugirate that GatazVenuspositive cells are bi
potent and/or multipotent progenitors (CFGEMM and CFGM), while Gataz
Venus negative cell&ata2independent HPCs) are moipotent progenitors as CFU

G, CFWM and BFLE.

GATAZ2 performs an important roi@ the generation of HSCs fromadmogenic
endothelium in haematopoietidevelopmentalprocesseqFigure 1.11JGao et al.,
2013, de Pater et al., 2013 thissetting GATA expression is initiated by Notchl
and Bmp4 signalling pathways, which then acts together with different
haematopoieticTFs, involving=LI1, SCL/TAL1, LMO2 and RUMN1 cause HSGs
emerge from lemogenic endotheliumChromatin immunoprecipitation analysis
shows Notchl binds tGata2promoter in murine aott endothelium cells at E9.5 to
initiate the definitive haematopoiesi§RobertMoreno et al., 2005) Ablation of
Notchl signalling is accompanied by embryonic lethality at E10, entire loss of
haematopoietic progenitors, and diminished expression Gfata2,Runxl

andScl/Tall TFs, whereas Notchl overexpressionin mouse celHines leads to
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upregulation of Gata2 and inhibits erythrocytes/granulocytes differentiation
(RobertMoreno et al., 2005,Kumancet al.,2001) RUNXs a vital regulator for the
development of HSCs from endothelial cells in the AGM area. Notchl signalling
activatesGata2bexpressionGata2ortholog in zebrafish, that ultimately stimulates
Runxlexpression in théhaemogenic endotheliuno initiate the HSCs emergence,
implying thatGataZ2is a key regulator for the HSCs development in hhemogenic
endothelium and acts an upstream Bunx1(Butko et al., 2015Mouseconditional
deletion of Scl/Tallusing Tie2Cre,a specific Cre for embryonic/adult stem cells,
shows normal HSCs formation, signifying t8&1/TALE necessary famesodermal
cellsspecification towards the demogenic endothelium that furthedifferentiates
into foetal/adult HSC§Schlaeger et al., 20083ata2expression is activated by BMP4
signalling and activates thexpressiorof BMP4,SCL/TAL1 and FLKhendothelial
cell growth factor, and increases the formationemidothelial cel(Lugus et al., 2007)
Moreover, the HSC proliferatioapredominantlyregulated by the EVI1 Tf, ata2
promoter works asn enhancer forEvil to mediate HSCs proliferatigiYuasa et al.,
2005) Evitnull mice die at E10.5 with a reduction in H$Gsl size and display a
minimal expression level dbata2 Evl or Gata2 overexpressiorin Evitnull cells
reverses the phenotype and enhances HSCs proliferdfioltectively, theexpression
of GATAZand FLI1 is controlled botchl/BMP4 signalling, lateBATAZand FLI1
regulate the expression of each other amdoperate to triggerexpression of

SCL/TAL&nd RUNX1.

Constitutive (germlinefsata2homozygote deletionGata2’-) mice exhibit a defect
in the generation of definitive haematopoietic celBata2’-embryo is anaemic, and
dies at E10.5 of gestatiorefore the HSC generation in the AGM reg{@able 1.5)
(Tsai et al., 1994Analysis of yolk sac Gfata2’-embryos show a threefold reduction
in HSC numberéTsai et al., 1994, Tsai and Orkin, 199%e roles ofGata2’- in
definitive haematopoiesis were studied in chimeric mice by inject®ata2’
embryonic stem (ES) cells into wilghe blastocystsGata2’- ES cells showed an
ineffective production in primitive haematopoietic progenitors with normal
maturation of macrophage/erythroid cell§Tsai et al., 1994, Tsai and Orkin, 1997)

proving that GATAZ2is critical for the regulation of the earliest stages of
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haematopoiesisFurthermore, conditional deletion @ata2in vascular endothelial
cells utilsing vasculaendotheliatcadherinCre (VeeCre) before the HSCs formation
shows a reduction in HSC commaents, indicating thaGata2 is essential for HSCs
generation in the AGM regidfae Pater et al., 2013YavCre mouse models are used
to explore theimpact ofGata2deletionin haematopoietic cells after the HSCs/HPCs
generation(Table 1.5)in which the Vaypromoter is expressed in haematopoietic
compartments at E1{de Pater et al., 2013, Stadtfeld and Graf, 20@&ta2/"; Vav

Cre embryos survive until E16 and display a significant reduction in colony forming
cell (CFC) numbers at AG11, betal liverE11 and detal liverE14 with a twofold
reduction in HSCs numbe(de Pater et al., 2013foetal liverE14 HSCs exhibit a
threefold increment in annexin Mvel, an apoptotic marker, and fail tadequately
reconstitute haematopoietic lineages upon transplantation experiments)ifsigg

that GataZ2is indispensable for HSCs survival and maintenancoeialfliiver(de Pater

et al., 2013) In addition,Gata2 heterozygote germlia (Gata2’) and conditional
knockout (Gata2"; VavCre) mouse models have been used to further explore the
role of Gata2in the HSCs developmeiiTable 1.5) Gata2’!; VavCreé embryos
display a reduction in HSCs and CFC numbeostal fAGM and live(de Pater et al.,
2013) Gata2’- embryos have decreased numbers of HSCs in the AGM region, and
AGMHSCs exhibit a reduced efficiemfyeconstitutinghaematopoietic populations
with an impairment in HSCs seffnewal potential in competitive serial
transplantation experiments, while the number of HSCs appears normal in the
Gata2’- yolk sac, detal liver and BM, butdetal BMHSCs showan impairment in

multi-lineage reconstitution in transplant settingising et al., 2004)

In human coreblood, knockdown of GATA2 expression in CDB4shows anteefold
decrease in CFC numbers and reduced fregiesnaf primitive haematopoietic
compartments in longerm-culture-initiating-cells (LTAQC) experimentgMenendez
Gonzalez et al., 2019b3nother study which utilises twofold knoclown of GATA2
in CD34CB exhibits a positive correlation betwe@ATAZxpression and vital genes
that involve in HSCs formation K§T, GFILBndHOXB4representingsATA2arget-
genes inCD34HSPC#-ujiwara et al., 201215ATAZnockdown in human K562 cell

line which derives from chronic myelogenous leukaemia patients is associated with a
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reduction in the expression oHOXB4 Chromatinimmunoprecipitation analysis
displays thatGATAZXirectly interacts withHOXB4romoter, an essntial regulator

of HSCgool expansion.

In the adult stage, conditional deletion &ata2in adult mice using inducible Cre
(Gata?; ERCre, induced by tamoxifen treatment) displayed that mice di¢47
days postamoxifen injectionperipheral blood cytopenias, BM failure with a whole
ablation in primitive haematopoietic populations and a defect in reconstitution
potential in BM transplantation experimen($able 1.5 (Li et al., 2016)In a similar
manner, Gata2 conditional knockout in adult mice employing inducible MxE
(Gata2’f; Mx1-Cre, induced by plpC) showed an entire reduction in primitive
haematopoietic compartments, implyingGata2 autonomously maintains
haematopoietic homeostasis in adult BM m{d@&ble 1.5jMenendezGonzalez et al.,
2019b) Furthermore, analysis of haematopoietic compartments in the germline
Gata2*" of adult mice revealed that a reduction in the frequency of HSCs with a
defect in reconstituting potential upon competitive transplant experimentations,
signifying thatGata2is indispensable for adult HSCs homeostéRmdrigues et al.,
2005) Anincreasen quiescence and apoptosis are observe@Gata2*-adult HSCs.
The particular level oBata2is tightly required to maintain the survival rate of HSCs.
Gata2*-HSCs show an increased apoptotic level due to decreased exprefsien o
BCLxL protein, an antapoptotic gene, suggesting th&ata2directly influencathe
HSCs survivdlTable 1.5)(Rodrigues et al., 2005).ikewise, adulGata2 *- mice
exhibited a reduction in LSK populations in another st{@lyo et al., 2013)Analysis

of singlecell expression irGata2 *- LSKcells displays aeduced expression of
megakaryocytes/erythroid genes &sfilh Cd41 and Gatal, while an increased
expressiorof myeloid/lymphoid markersuchasFIt3 Sell Cd34Cd5Z |y R / So Lh
(Guo et al.,, 2013)Table 1.5 demonstrates the crucial roles of GATAZ2in

haematopoiesigitilising mouse models.

Overexpression models provide more insights into h@ATA2regulates HSPCs
proliferation and differentiation. Enforced expression @hata2 using a retroviral

vector in mice showed than vitro CFC and LTIC assays of BM cells exhibit reddc
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numbers of laematopoietic progenitor colonies with natural apoptotievels
(Persons et al., 1999Murine HSPCs display a reduced capability to differentiate
when transplanted into irradiated hosts with peripheral pancytopdiarsons et al.,
1999) Overexpession of Gata2 in murine HSPCs leads suppres®on of the
expression of iMycmRNA and accumulan of cellcycle inhibitorssuchas p21 and
p27 proteins(Ezoe et al., 200255ATAZonstrains the production of SKP2 and CUL1
proteins and prevents the ubiquitination process of p21 and,p2dicating GATA2
works as a regulator of quiescence in HSHROsthermore, xenotransplantation of
human CD34CD38CRBcells with enforced expression @ATAZhows a reduction in
LTGIC and CFC numbersin vitroassays, a defect in HSPCs reconstitution potential,
a block in HSPCs differentiation, normal apoptosis, and an increase in HSPCs
quiescencgTipping et al., 2009)The expression level @ATA2nRNA is around
threefold higher in quiescent HSPCs than proliferative QCB38HSPCs. These
changes in the cellycle status are combined with repression of esgdrcyclin
dependentkinase regulators that mediate the cellular proliferation as CDK4, CDK®,
and MCMS5 (Tipping et al., 2009) Moreover, murine lowevel overexpression of
Gatazthat is physiologicallglose toleukaemiawith GATAzZverexpression revealed
that transplantationof Gata2 overexpressed BM cells enhamsabe expansion of
myeloid progenitor cedl and inhibis the differentiation of lymphoid progenitors
(Nandakumar et al., 2015§ATA induces the proliferation of myeloid cells beyond
the GMPs stage vid-MYCand HOXASignalling pathway<Collectively, the precise
level of GATABxpression is decisier regulaingthe fate decision of HSCs between

quiescence, seffenewal,and differentiation to preserve the HSC pool size.

1.3.4 The role of @TA2 in haematopoietic differentiation

GATAZcts asadecisive regulator for myeloid celiftérentiation. The frequency of
CMP, MEP and CLP in adb#ta2*- BMis comparable to wiletlype mice, while the
number of GMP is decreased Gata2*- BM cells(Rodrigues et al., 2008 vitro
colonyformingassay ofsata2*- BM cells reveals a reduction in the numbers of CFU
GM colonies, while the differgiation of other haematopoietic progenitors is

unaffected (Ling et al., 2004, Rodrigues et al., 2008)ockdown ofzata2in wild-
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type GMP and CMP cells showed the number of-GRUis lower in GMP cells
compared with CMP cells, demonstrating that the defect in the GMP populéation
independent of the differentiation defect of HSCs and implying the roléaté2 in
GMP proliferation and differentiation through the Notch signalling target gene Hairy
and enhancer of split homoleg (HEQ), a regulator of the cell cycfgogression of
haematopoietic cell§Rodrigues et al., 2008%ince the frequency of dendritic cells
(DCs) is commonly reduced in GATAZ2 haploinserffigi syndromes, Onodera et al.
investigated the roles of GATARDCs formation and differentiatigf©nodera et al.,
2016) In vivoconditional deletion ofGata2in adult haematopoietic compartments
showed a drastic reduction in CMPs, GMPs, CLPs, common dendritic precursors
(CDPs), and peripheral dendritic cells (Cdl1e vitro deletion of Gata2in CMPs,
GMPs, CLPs, and CDPs aftetugng sevendays in BMeeder environments
revealed reduced numbers ofDT1c cells that derived from CMPs and CDPs,
implying thatGATAZas particular roles for DCs differentiation through 1C3#Ps
CDPs axis. Conversebgult haploinsufficientGata2 (Gaa2*-) showed normal

differentiation of CDPs and CdTells.

GATA2 expression plays dosaigpendent functions in HSPCs differentiation, in
which the decision oHSCs gives ris® erythroid or myeloid lineageshat is
determined by the interaction between GATA1/GATA2 andlLPBs, respectively
(Figure 1.11§Zhang et al., 1999 U1 is required for myeloid/lymphoid specificati
(Chou et al., 2009, Arinobu et al., 200BATAL/GATAZ2 interacts with RUhrough
the GZnF domain and inhibits PLJbinding to eJJN coactivator thatis required to
initiate myeloid differentiation.PU1 hinders erythroid differentiation by inhibiting
GATA1/GATA2 DNA binding capacity during myeloid differentiatiwhile
overexpression of GATAZ inhibits the transactivation potential ofl P&sulting in
transcripional repression oimyeloid genegWalsh et al., 2002)knockdown of
Gata2 in Gata megakaryocyte/erythrocyte (G1ME) murine cell line shows a
threefold increase inPul expression and induces the differentiation towards
macrophagegChou et al., 2009Dn the contary, both GATA2 and PU.1 expression
are required for mastells developmen{Walsh et al., 2002Both GATA2 and PU.1

enhancec-KIT expression thatis required for mastcells differentiation.Mast-cell

45



differentiation is executed by the GABAitch mechanism, where GATAZ2 replaces
co-factor friend of GATAL (FOYt the Gata2 locus site resulting in upregulated
GATAZ2 and downregulated FOG1 expression to initiate-o®lst maturation/Cantor

et al., 2008) GATA expression is required for the terminal differentiation of
basophils and mastells from prebasophil/mast progenitors (PfBMPs)(Li et al.,
2015) Gata2knockout mice showed a reduction in numbers of basophils/reatis,
while Gata2’- Pre BMPs fail to differentiate into masells and normally differentiate
into basophils. Furthermore, GATAZ is essential for the expression of immunaglobin
E receptor (FcwL 0 2y { KS celislsdrfaceJihat birdYid 1§Hito defend
against allergens. GATA2 expression is needed to suktiand IL1&xpression in
basophils and mastells, respectivel\8at5 directly binds tahe Gata2 promoter and

mediates the diffeentiation of basophils/mastells.

The expression levels of GATA2 regulate the fate decision alongside erythroid
megakaryocyte differentiation pathways. The expression of GATAtugal for
erythroid differentiation(Guo et al., 2016, Tsang et al., 1998ta2 binds toGatal
promoter and supresses the expression Gatal in HSPCs by interacting withdl

and Tall TFs (Guo et al., 2016)The expression oGata2 Lsdland Tall mRNAis
decreasedduring the differentiation of erythroid cells. In this procetsdiTall
complex supressesGATAZexpression, andsATAZs displacel by GATAlfrom a
OKNR Yl GAY &a&d5iGreéet a.D20e6, Tsang et al., 199BATA
switching is mediatedby the interaction betveen Gatal and Fogl, and this
Gatal Foglinteractionis essential to sustain the erythroid maturatiffisang et al.,
1997) In addition, GATAZ2 prohibieyythroid differentiation through the regulation

of erythropoietin EPQ expression, which is essential for the development of
erythroid progenitorsGata2 disturbsthe transcriptional activity oEpo by binding to

the GATA site of th&po gene promoter, inhibiting the erythroid differentiation
(Imagawa et al., 1997Dn the other handglevatedlevel of GATA2 expression is
required for the terminal megakaryocyte differentiati¢bulli et al., 2006, Gao et al.,
2013) The ETS1 transcription factor regulatesgakaryocyte maturation and
supports the expression of GATA2 and megakaryocytes downstream genes, providing

the critical roles of GATAZ2 in the megakaryocyte developnfeuali et al., 2006)
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GATA2 expression is positively correlated with the formation of
megakaryocyte/erythroid progenitors (MegE) and enhances MegE cells formation
(Gao et al., 2013Murine Gata2*- LSK displayed a decreaseédatal:mRNAGfilb
MRNA, and MegE cell&a et al., 2013) Overexpression dgata2in murine BM
progenitors enhances megakaryopoiesis, wit#ata2zknockdown reduces colony
formingmegakaryocytes and perturbs terminal megakaryocytes differentiation

(Huang et al., 2009)
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ﬁ
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Figurel-11: The role ofGATA2n haematopoiesis.

GATAZ2 cooperates with other transcription factors to reguladematopoiesis. GATA2 is
involved in the rise of HSCs froragmogenic endothelium, and later it contributes to the
HSCs piiferation. GATA2 and PUhave the potential to regulatéhe decision of HSCs to
restrict to erythroid or myeloid lineages. In monocyte and erythrocyte differentiaART A2
is repressed by PU and GATAL, respectivelBATA2 isalso essential forthe terminal
differentiation of megakaryocytesasophilsand mast cells. (Adapted froCollin et al.,
2015, Hirabayashi et al., 20}7)
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Tablel.5: Gata2requirementsin haematopoiesis utilising mouse models.

Reference

Mouse models

Haematopoietic phenotypes

(Tsai et al., 1994
Tsai and Orkin,
1997)

GatazgermlineKO
(Homozygote)

I Mice die atE10.5 with
acuteanaemia

1 Reduced HSC numbers in
yolk-sac

GatazgermlineKO
ESCshimera

9 Defects ilHPCdormation

(Ling et al., 2004

Gata2’-germline

I A reduction in HSC numbe
in AGM
1 A defectin HSGAGM in

(Heterozygote) repopulation multiineage
and selfrenewal potental
Gata2conditionatko| 1 Mice die atE14
At vascular M Decreased numbers of HS

endothelial (Ve&Cre)

in AGM.

(de Pater et al.,
2013)

Gata2conditionatKO
GataZ': VavCre

I Mice die atE16

1 A decrease in HSC CFC
numbers in AGM & FL with
increased apoptosis level

(Menendez
Gonzalez et al.,
2019b, Onodera
et al., 2016, Let

al., 2016)

Gata2conditionatKO
Gata2’!: VavCre

Gata2conditionatKO
GataZ'f: Mx1-Cre
GataZ': ERCre+

1 Reduced numbers of HSC:
in AGM & FL

1 Anentire depletion in LK
and LSK compartments

(Rodrigues et al.
2005, Rodrigues
et al., 2008)

Gata2’-germline

1 A reduction in frequencies
of LSK, HSCs, and GMPs

1 Anincreasen HSG
guiescence and apoptosis
level.
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1.3.5 Haematological diseases associated wi#ATAZlysregulation

1.3.5.1 GATAZhaploinsufficiency syndromes

The term GATA2 deficiency or haploinsufficiencysiregle mutant allele causes
decreased GATAZ2 protein production andimpaired GATA2 protein functionisas
come to be usedo describe GATAZ2 related diseas€sATA2mutations were
identified in four mainclinicalsyndromes associated with predisposition to evolve
MDS and AML:Monocytopenia withMycobacterium Aviun€Complex MonoMAQ
syndrome; dendritic cell, Monocyte,-&Il and natural killer lymphocyte®©CMI)
deficiency syndrome; Emberger syndrome; and familial MDS/AiMgure 1.12)
(Dickinson et al., 2011, Hsu et al., 2011, Ostergaard et al., 2011, Hahn et al.Jr2011)
terms ofthe mechanismainderlyingGATAZaploinsufficiencyessentiabminoacid
residuesthat are requiredfor eitherthe DNA bindingactivity or ciselements
effectiveness are disturbed ByATAZnutations(Hahn et al., 2011, Katsumura et al.,
2018)

GATA2 haploinsufficiency syndromes
[
Germline mutations
As initiating mutation

Familial MDS/AML

Immunodeficiency syndromes

Somatic mutations
As secondary mutation

AML with biallelic CEBPA mutations

AML with EVI1 overexpression

MonoMAC syndrome

DCML deficiency Predispose to

CML during blast transformation

Emberger syndrome MDS/AML

chronic neutropenia

Figurel-12: Scheme descrihg GATAZhaploinsufficiency syndromes.
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1.3.5.2 GATAZ2mutations

Germline and somatiGATA2nutationsdistribute throughout theGATA2ocus and
approximately 70% of mutations take place in the zinc finger dospaidNA binding
site (Collin et al., 2015, Wlodarski et al., 20INterminal zinc finger (MnF) and C
terminal zinc figure (ZnF)mutations disturbGATAZhromatin bhdingactivity and
the expression ofdownstream targetgenes(Hahn et al., 2011, Katsumura et al.,
2018) GATA2mutations are mainlycategorised intofour groups (1) truncated
mutations (nonsense, iHrame-deletion and in-frame-insertion mutations) which
representapproximately60%of haploinsufficientGATAZcases (2) around 30% of
reported patientsare missense mutatiog (3) non-coding mutatiors in intron-4
(+9.5kbciselemeni) which formaround 10% otasesand (4few cases are reported
for whole-locus deletios,N/Cterminals and UTR regior{§igurel.13 (Wlodarski et
al., 2017, Collin et al., 2015Jhe majority olGATAZermline mutationsare located
within the GZnFdomain whereas somatienutations are commonly existent within
the N-ZnFdomain(Collin et al., 2015N-ZnFmnutations, rather tharGZnFmutations,
affect the expression of target genesdinvolve in the activation of Ras signalling

pathways(Katsumura et al., 2018)

@® Missense mutation MonoMAC/DCML
B Frameshift mutation Emberger syndrome
A Nonsense mutation Chronic neutropenia
& Deletion MDS/AML
== | arge deletion
294
N-znF 344 3% cznF 398
N
]
o B A
B8 | N L &< :
B U0 N N 000
1 78 81 105194 200 204 254259290 317330337 341 354 355361 371373 396 398

340-381

Figurel-13: GATA2 mutations.
Adapted from(Wlodarski et al., 2017, Hyde and Liu, 2011, Collin et al., 2015)
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1.3.5.3 dinical features of GATAZhaploinsufficiency syndrome

Qinicaly, GATA2 hapiasufficiency syndrom®involve several distinct features to
distinguish from sporadic MDS casasludingyoung age at disease onset with a
range from 21 to 33 yearanusual disorder in haematological indicesgurrent MDS
history within a family (in 3); normal haemoglobin, neutrophjl3-cytotoxic cells
and platelets levels in bloodow blood numbers of monocytes, dendritic cells, B
cells, T-helper cells Nkcells and CD4:CD8 rati@ hypocellular BM with diffuse
reticulin fibrosis; myeloid/erythroid/megakaryocytes dysplastic featureacreased
numbers of large granular-lfmphocytes;a depletion in the frequencies ahulti-
lymphoid progenitors (MLPsyranulocytemacrophage progenitors (GMPahd B
lymphocyténaturalkiller precursorsnormalfrequencies ofCMPs and MEPBighly
elevatedserumFIt3 levelg10 to 100 fold)impaired synthesis of cytokinesichas
IL6, IL12, TNF and FNAin peripheral bloogland around 60670% of patientshave
cytogenetic abnormalitysuchas maosomy7 and trisomy-8 (Collin et al., 2015,

Dickinson et al., 2014, Calvo et al., 2011, Bigley et al., 2011)

1.3.5.4 Immunodeficiencysyndromesassociated withhaploinsufficiert GATAR

MonoMACDCMLsyndromes are primary immunodeficiency disorder that highly
predispose to MDS/AML and characterse by a severe reduction of
peripheralmonocytes CD4lymphocytesB-cells, NKcells anddendritic cell{Vinh et
al., 2010, Dickinson et al., 2011, Bigley et al., 2011, Hsu et al., REiigMACDCML
syndromes present primarily iryounger adultsandoccuras a sporadic or autosomal
dominant familial form.Haploinsufficient GATAR patientsare highlysusceptibleto
Mycobacteriumaviumcomplexinfections humanpapillomavirusinfections, fungal
infections parasite-infectionsand pulmonaryalveolarproteinosis(GATA2 regulates
phagocytosis inpulmonaryalveolar nacrophage$ with increasedpropensity to
develop MDS/AML Several ygtogenetic abnormalities candevelop such as
monosomy 7, trisomy 8 or dicentric chromosomwigh apredispositionto MDS and
AML. MonoMACDCMLpatients show amutation in GATAZiselements that are
required for HSCs generatiosuch ast9.5kband 2.8 kbsites (Hsu et al., 2013)
GATAZnutationsthat are obsenedin MonoMACDCML syndrome includeissense
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mutations within the @erminal zinc fingedomain(T354M N371K R396W R396Q
R398W), missense mutation outside the fingers domain (P2%4ld) frameshift
mutations (M1del290G81fs D259fs N317fs R361delRNANand a large deletion in
both N and Czinc finger domains K340 _381). These missense, deletion and
frameshift mutationsdisplay dominantnegative effectsof GATA2gene function.
Furthermore,Pasquetet al. documented germlinegGATAZ2mutationsin paediatric
chronicneutropenia withhigh risk toacquireMonoMACsyndromes and MDS AML.
Mutations include nonsensemutations in zinc fingerdomains R396Q_A372T_
M388V_R330X), nonsengeutationsoutsidethe DNAdomains(R204X_E224Xnd

a case of wholallele GATAZJeletion (Pasquet et al., 2013)

Emberger syndrome ian autosomal dominantlisorder charactersed by primary
lymphedema of lower limbs cutaneouswarts, and deafness with  MDS/AML
development(Emberger et al., 1979High levelsof GATA2 proteirare normally
expressed in endothelial cells and lymphatic vessel vaareshaploinsuiciency of
GATA2 disruptshe normal lymphatic valve developmenduring embryogenesis
(Kazenwadel et al., 2015, Lim et al., 200¥tergaard et aldentify GATA2nutations
in the Emberger syndrom¢Ostergaard et al., 2011)fhese mutationspresent
throughout thegenome ofGATA2Nnd includemissense mutations (R361373R), a
nonsense mutatin (A337X%, and frameshift mutations @A78Pfs_L105Pfs_
A194Sfs_A341Afs_A341pfs

Downregulated GATA2 expression has additionally been observeaplasic-
anaemia, arauto-immune disorderthat causesa reduction inHSCs generatioand
accumulation offat cells in the BM. GATApivotal regulator for HS@soliferation
and adipogenesisin which GATAZepressesadipocytesgeneration from MSCs
through repressingadipogenic marker PPAR (Tong et al., 2000)Analyshg MSCs
from aplastic anaemia patientevealeda reducton in GATA2nRNAexpression and
elevated PPAR-mMRNA as compared withnormal individuals indicating that
decreasedGATAZexpression leads téatty marrow acumulation inpatients with

aplastic anaemié&Xu et al., 2009)
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1.3.5.5 GATAZ2 indmilial and sporadic MDS/AML

GATA2mutations have beendetected in familial MDS/AMLwith an autosomal
dominant pattern Hahn et al define faur families with normal haematological
indiceshavingmissensenutations at two neighbouring threonines (T354\855del)
within the Gterminal zinc finger domaiof GATA2which is essential fddNAbinding
and proteiri protein interactions(Hahn et al., 2011 Molecularmodellingproposed
that T354 and T355 stalsdi the Gterminal zinefinger of GATA2, and boti354M
and T355del mutations sholess of DNA binding activityn vitro studies indicate
that the T354M mutantshowsdominantnegativeeffectsand the T355del mutant
exhibitslossof-functionof GATAZHahn et al., 2011Acquired monosomy 7, trisomy
8, ASXL1, EZH3HBP1HECW?2, GATAL, NPMNRASand WT1mutations are the
most frequent secondary genetiisordersin MDS/AML cases WitBATAZyermline
mutations (Table 1.6)Fujiwara et al., 2014, Luesink et al., 2012, West et al., 2014,
Wilodarski et al., 2017)

Tablel.6: The mostrecurrent secondary mutations in GATA2 haploinsufficigratients.

Genécytogenetic abnormalities Frequency
azyzarvye 3540%
L{ - [ ™ Around 30%
¢ NA &2 Ye 15-20%
EZH2, SETBP1, HECW2, GATA Rare mutations
NPM1NRASandWT1

On the other hand, somatiGATAZnutations were discovered in thecute myeloid
transformation of chronic myeloidleukaemia(CML).Zhang et alidentified two
GATAZomatic mutationshappening in the blast crisis phase of CML t(9;al)
341 346in-frame ckletion, which leads to decreased transcriptioreadtivity, anda
L359Vmissense mutation within the-Germinal zinc domainwhich in contrast to

most GATAZnutations observedacts as ajainof-function mutation(Zhang et al.,
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2008) L359Vmutation leads toanincreasein the activity of mutant GATA2 protein

that binds and inhibits thenyeloid transcriptionfactor PUL, which is essential for

the development of monocyteg\bout 40% of sporadi@GATAZnutations have been
reported in AML patients with botionoallelicand biallelid 9 t mutations(Greif

et al.,, 2012, Green et al., 2013)\pproximately 90% ozGATAZ2mutations were
missense mutationshat perturb the transcriptional activity df 9 t within the zinc

finger domainsincluding A203P_H258fs _R307W _R308P_A318V_ A318T_ G320A _
G320V _ L321F L321P R330L_R330P_ RR36ZDP385L

GATA2 haploinsufficiency was furthexported in AML withchromosomethree
rearrangements including 3gversion inv(3)(q21.3926.2) or3g-translocation
t(3;3)(q21.3;926.2).3q rearrangementsinclude p GATAZistal haematopoietic
enhancer {77kb enhancemnoved from 3g21.3 antb become conslerably adjacent

to EVI1 locus 30g26.2, which triggers GATA2 haploinsufficiency and overexpression of
the EVI1 gene (Yamazaki et al., 2014, Katayama et al., 201Rgtroviral
overexpression oEvilin murine BMcells enhances the leukaemia development, in
which Bvil restrains the activity ofPten through polycomkrepressive complexes, an
epigenetiemodifier, and immediately stimulates AKT/mTOR signalling axis, a vital
pathway in cellular proliferatiofYoshimi et al., 2011Katayama et al described the
roles of GATAZ2 i8q rearrangements in le@emogenesigKatayama et al., 2017)
The loss ofzata2 distal haematopoietic enhancer causes about 50% reduction of
Gata2expression in HSPCs. Haploifisigncy ofGata2with aberrant expression of
Evil accelerates the AML development in mouse models. Moreover,
haploinsufficientGata2high-Evilcompound mice exhibian accumulatiorof blast
cells and aberrant primitive HSPCs differentiation causingaggressiveform

of leukaemia (LMPHke-phenotype) Conversely, higiGataZ Evillevel enhances
leukaemic cells to differentiate into Grfhyeloid leuleemic cells and delays

leukaemogenicity (GMHAike-phenotype)

Although low GATA2 expression has #&mour suppressor function in
haploinsufficient GATAZ2 patients, highpression of GATAZ2 possesses an oncogenic

role in AML patients and correlates with bad progression with low survival rates
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(Vicente et al., 2012b, Luesink et al., 201@verexpression 0fGATA2was
significantlycorrelated with other leukaemic markerssuchas FLT3TDand NPM1
mutations and high expression of botWT1and EVI1lin normal karyotype cases of
adult AML(Vicente et al., 2012bHighGATAZxpressiorwas also foundéh paediatric
AML patientgLuesink et al., 2012)evels of GATA@xpression returned to normal
in patients with complete remission, wherea&ATA2expression stayed high in
resistant AML patientsFurthermore, overexpression of GATA2associatedwith
poor prognosis among patients receiving chemotherapy treatm@fdang et al.,
2017) While high GATA2expressionconfers the resistance of AML cells to
chemotherapymedications, the leudemic cells with inhibition of GATA2 expression

are less resistant to therapies.

In addition, GATA2 gpression promoteshe proliferation and survival cAML-celt
linessuchasKasumil (M2/AML;KITRUNXInutations and Kasumi3 (MO/AML; t(3;
7)(927; q22)high EVIjL(Katsumura et al., 2018 this paradigmGATAZxpression

is induced byRASpH38/ERKsignalling andultimately activates/ - / wH I YV R
expressionsthat sustain AML-cells proliferation and positively auto-stimulate
p38/ERK/GATAZ2 expressiofs the other handGATAXnock-down inTHP1(9;11,
MLL-AF9 fusio}), HL60 (M2/AMLandK562 CML in blasphasg AML-celHinesthat
express high GATARvel showsdecreasedcellular proliferation and survival
(MenendezGonzalez et al., 2019afonsistently, the pharmacologicahibitor kK
7174 of GATAZ2 along with AML chemotherapeutic agents such as Cytarabhi® (Ara
or Etoposide (VP16) in AMElHinesexpresinga highlevelof GATAZlecreases the
survival rates of leukaemic ce(llenendezGonzalez et al., 2019aYandakumar et

al. studied the effects of low overexpression of GATA2 usifignoxiferrinducible
mouse modelwhere the level ofzata2 expression in this model is comparable to
that observed in AML patientgNandakumar et al., 2015)They found that
overexpresed Gata2 at low level was corroborativef the seltfrenewalpotential of
myeloid progenitors and hindered lymphoid differentiation in moudd cells,

promoting myeloideukaemic transformation.
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Genetic complementation techniqudsave beerexploitedto better understandhe
biological function ofGATA2nutations (Katsumura et al., 2018Katsumura et al.
assessedthe genetic complementation olGATAZ2mutations in null-Gata2 -77-
enhancer(-777), an essentiaciselement for myelail/ erythroid/megakaryocyte
differentiation. Since null -77-enhancer mice die at E14,myeloid/erythroid
progenitors(Lineage Kit) from foetal liverwere used Null -77-enhancerLineage
_Kit" cellsexpresgd low levelsof Gata2. The induction of emptyector innull -777/-
Lineage Kit" cells showed that the numbers of erythroid and myeloid colonies {CFU
E, BFLE, and CHGM) were notably decreased. The proportions of
erythroid/ myeloid progenitors were rescued lbgtrovirakGata2expression in777/-
Lineage Kit* cells. Induced -77/- cells with R307W or T354M mutationsere
accompanied by an increment in myeloid progenitors and a severe reduction in
erythroid progenitors.The umbers of CFUGM in R307W or T354M induced cells
were approximatelythree-fold greater than the expressioexerted by retrovirak
Gata2 with remarkably increased granulocytes differentiation in R307W expressing
cells. Gene profiles of R307W induced celisevaccompanied by aimcreasein
myeloid genes expressiorMpo, Ctsgand Elang, a decline in erythroid genes
expression $lc4al Epb49 and Alas?, and increasedlyb expression within HSPCs.
These findings suggest thatutations that caus€sATA2 haploinsufficiency do not
always work as inhibitory of the GATA2 function and perturb rbgulation of

downstreamgenes

MenendezGonzalezet al. have recentlyexplored the requirement of GATAZ2in
leukaemic stem cellsitilising Meis¥ Hoxé mouse modelghat drive AML initiation
(MenerdezGonzalez et al., 20190n this model,Gata2wasacutelydeleted from
recipient hosts harbouiing Meisl Hoxa9 overexpression Gata2KO LEs showed
latenessin the AMLdevelopment as compared with control LSTe mechanism
behinddecreased_SCegroliferationin Gata2KOis increasedpoptosis levetue to
decreasedBCL2 expression, an antipoptotic marker. This impliesthat GATA is

essentiafor LSCs survivahaintenance, and setenewal.
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Saida et alhave investigatedthe leukaemogenesisrole of GATA2 ininverted
chromosome 16(inv(16), CBFB/MYH1iusion oncogenesM4/AML (Saida et al.,
2020) HaploinsufficienlGATAZ2 was observedielapsedinv(16)AMLpatients.High
GATAZ2expressionwas markedly increasenh preleukaemic Cbfb/Myh11 knockin
mouse modelsAcuteablation ofGata2*; Mx1-Cre in Cbflb/Myh11 Mx1-Cremice
displayed a delain the AML initiation when compared withGata2’*/Cbfb/Myh11
mice. In transplantation settingsGata2//Cbfb/Myh11;Mx1-Cre BM cellswere
more aggressive andeveloped AML thre¢imes faster thanGata2’*/ Cbfld Myh11
cellswith higher reconstituting potentialAnalysing «it* LSCs from recipient hosts
showed that Gata2/l/CbfdMyh11;Mx1-Cre’ leukaemic cells developed new
mutationsthat are well-identified in humaneukaemogenesisasKras Ptpnl1, Bcor,
Trp53 andKit mutations signifyinghat GATAZhaploinsufficiacyinitiates different

mutationsand forms aggressivelapsein in16) AML patients.

Although haploinsufficient GATAZ hidhly frequentin MDSAML cases recent
reports have describedGATA2 haploinsufficienap B-ALL patientyKoegel et al.,
2016, Novakova et al., 2016, Donadieu et al., 20P8few casesof MonoMAC
patientswith haploinsufficient GATA@redispose into BALL thais characterised by

reducednumbers ofperipheralB-cells,monocytopeniaa profound reduction in B
cell progenitors,and monosomy7 abnormality This indicatesthat a defectin

HSCs/multlymphoidprogenitors axis could cause an impairment inB-cells

differentiation and advanceswardsB-ALL.

1.4 ASXL1 transcriptioal regulator

1.4.1 ASXL family members

The Additional Sex Comhike members of proteins (ASXL ASXL2ASXLBare
known as anammalianpardog of the DrosophilaAdditionatsexcombs AsX gene
(Milne et al., 1999, Schuettengruber et al., 2017, Brock and Fisher, 2005, Asada et al.,
2019, Katoh, 2013YheAsxgene is a member of the enhancer of trithor@xxQ and

polycomb PcG genes that act as activators or repressors of homeobox genes
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respectivelyThus, theAsxgene works as an epigenetic modifier of geegpression
throughout the process of chromatin modificatiotwsactivate(TrxQ or represgPcG)
homeoboxgenes a cluster of developmental embryo genéteverthelessseveral
reports imply thatmammalian ASXL membeomnly regulate the expressiorof
polycomb gene# haematdogical malignancie®olycomb genes argassifiednto
Polycombrepressorcomplexl (PRC1lpand Polycombrepressorcomplex2 (PRQ)
depending on theidownstreamgeneticcollaborations. ASXL1/ASXL#oteins are
broadly expressedn mammalian tissues aBaematopoietic compartmen{sBM-
niches,heart, brain,spleen, liverskeletal muscle, placenta, prostatand testes,
while ASXL3expressionis limited to brain, eye, lungs, and lymph nodes

(Mozziconacci and Birnbaum, 2011, Asada et al., 2019)

1.4.2 ASXLZIene structure

MammalianASXIL genelocalises atthe long arm of chromosomiventy (20q11.2),
whereasmurine Axsllgene is located on chromosonte/o (AbdetWahab et al.,
2013, Katoh, 2013, GelBoyer et al., 2012Both murine and human ASXLLyenes
are compriseaf 12 exonsandASXLproteinencompassearound1541 amino acids
with amolecular weight ofapproximatelyl 70KDa(Figure 1.14 A)The ASXprotein
iscommonly constituted from five domainscludinga N-terminal ASXN domairan
adjacent Nterminal ASXHlomain central ASXM1 and ASXM2 domaiasda G
terminal plant homeadomain (PHDJFigurel.14 B (Katoh, 2013, Geldoyer et al.,
2012, Asada et al.,, 2019%tructurally, he ASXNdomain is equivalent to the
Forkheadbox-domain aDNA binding motifand has essential roles iDNAbinding,
DNArepairs,and transcriptionategulations The ASXH regiors the bindingarea
with other proteinsas a deubiquitinase BRCA&ssociateeprotein-1 (BAP1) and
LysinespecificdemethylaselA (LSD1/KDM1ARSXL1directly interacs with H2A
deubiquitinaseBAP1 forming polyconb-repressivedeubiquitinase (PRDUB
complexthat ultimately repres®sthe ubiquitinationactivity by initiating H2Amono-
ubiquitination (H2AK11Qb) through PCRIgenes and promotes expressionof
downstream genes Furthermore, ASXIL binds to PR2 genes (Ezhl

Ezh2 Eed Suzl12andrepreseshistonethree by addingtri-methyl groups at lysine
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27 (H3K27meP and further suppresss the expression ofhomeobox genes
Upregulation of homeobox genes is a profound marke for haematological
neoplasms ASXM1/ASXM2 domairgre involvedin the interaction with other
proteins as nuclear hormone receptdidHR) The PHD regiois responsibldor the

histone/DNAbindingand woks as a chromatiregulator.

(A)
1 23456782910
1| 4(|)0 600 1541
Amino-acid count
(B)
uUb
LS ASXN - ASXH _ ASXM1 - ASXM2 - 1Y s-COOH
1 86 250 346 523 618 1099 1123 1491 1541
BAP1 NHRs
LSD1 BMI1

EZH2, EED, SUZ12, USP7, HCFC1

Figurel-14: Scheme oAsxl1llocus and protein structure.

(A) Diagramsketchesthe human ASXLIlgene (B) ASXLIlprotein domainswith binding
regions. The interaction partners ardighlighted in purple Ub indicates ubiquitination
Adapted from(Katoh, 2013, Gel&oye et al., 2012)

1.4.3 ASXIL functionsin haematopoiesis

Asxllknockout (KO)nicehave been generated tstudythe requirements ofAsxIlin
the haematopoietic systerhy disruptingAsxllwildtype gene Asxll-mRNA isvidely
detected in foetal and adult haematopoietic compartments includingdSPCs,
committed progenitors, and mature blood cel{$\bdetWahab et al., 2013, Wang et
al., 2014, Fisher et al., 201@ermlineadult AsxI:KO micdTargetingexonb5) display
decreased frequenciesf lymphoidcells in the thymus, a reductionin B-cells
numbers in BMspleen, splenomegalyan increase in myeloidells inBM /spleen

normal leukocytes numbers and morpholggy differences iBM CFC numberand
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normal HIPCsreconstitutioncapabilityin transplantation experimentgFisher et al.,
2010) Constitutive AsxItKO mice(Targetingexons510) are deadat E19.5with
multiple developmental disordergcleft palates,microcephaly anophthdmia, and
skeletal anomaligs while heterozygoteAsxItKO mice areviable (AbdetWahab et
al., 2013)Bothheterozygoteand homozygoteanimals show normal haematopadie
profiles at H4.5(Table 1.7)

Conditionalhomozygotedeletion of murine AsxllutilisingVavCre (deletion at E11)
andinducibleMx1-Cremodelsexhibits profounchaematologicaphenotypesn adult
BM including a reduction n BM/spleen cellularity,peripheral leukopenia and
anaemiaat 6 months old,a decrease irperipheral B-cells andmyeloidcells BM
erythroid/myeloid dysplasia increased numbers of erythroblast precursors in
BM/spleen an increment irfrequencies of LSK, MPPs, and HSCs ind@Mced BM
CFQwumbersand replating capacifyan impairmentin H$Cs repopulation and self
renewal potential, increased apoptosis level in MRPa reduction in MPPs
proliferation, decreased H3K27me3 level, ampregulated expressionfdloXA7 and
HoxA9in LSK cell§AbdetWahab et al., 2013)These phenotypes are highly
correlative with human MDSASXL Inutationsare commonlyassociated witiTET2
an epigeneticmodulator, mutations in MDSatients (AbdetWahab et al., 2013)
TET24sfrequently mutated in MDS/AML casaad conferdHSCs selienewal ability
in Te2-KO mice(AbdetWahab et al., 2013)Analyss of Asxlland Tet2 double-KO
miceshowsmoreaggressive MDShenotypesthan AsxItKOmicea, andthe deletion
of Tet2rescueghe defect ofAsxIIHSCsseltrenewalcapability(Table 1.7)(Abdet
Wahab et al., 2013)

Constitutiveablation of AsxI1(AsxIT-) (Targetingexon1) is 80% embryonic lethal

and the remaining around 20% micean survive fod2-dayswith developmental

anomalies abody-weight loss dwarfism, andanophthalmia whereasconstitutive

deletion of heterozygote Asxll (AsxI1-) mice are born alive with normal
developmentaffeatures(Wang et al., 2014)The phenotypes ofAsxI¥- and AsxIT"

mice arequite similarto human MDS/MPNAsxIY- miceshow peripheral cytopenias

with myeloid/erythroid dysplasia &€ Lig8 BH ¥ SyKisEBIYSy § SR y Sdzi N2
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LA SdzBZm&S8ldi | y2YLFf 83X LBE2/iIRR @SWERHE Y IBG AC RiB.R/dZ0X A
AWdzYo SNIOS2Fa | yRAYSdzi N2 BIK AYyEOSIEY 8 SRy dzY ¢
Y2Yy20_USaKkaLIBSOGNMSBSR ydzYoSNAR 2F [N¥ [{VY>
AYONBYSYy(l Ay .Dad lyyzYO)SOES IAdS RA Y LRINER AR & NJ
OSfthf RS FIS{OINBAG2 v & (0 A (i NS y2 S ILEY BNASERRIFCES Rt SISt
l oYHTYSo0o | yRYOBXiyOSS | & S R2 BokASNGATaAHORAY,

HoxA1Q pro-apoptotic . / funvca Y RS ONB$ & ISRSE & a AyaiyiI2 RIF 2 G A O
YIEN|Sdwe@ra/ @Iy R e mdAsHlY- mice display peripheralay | SYA | X
0KNR YO 2 O® RIS YR S dz] 2 LISSyAAimiteldidfgzra@dOodysplasi A a
features,decreased percentages &tcellgneutrophilsand an increased frequengc

of monocytesint . kK. ak 3LK SASYa A Y A FAAYO I [y{iY NBRRIzO[IW 2¢'S
Y2 RAFTTEHNBY OB &ty RYVdaYDIEWEA WONB LR 1 SO R

{(Dm A YOS[ENYERRS ONBEII SR R2Yy2NJ O2yGNRoOdziA2Y
0N yaLt I ydl X\ Raig eb &. BONGYYISFHikS NI ORiydRiA i dzii A @
K S i SNER $32i8R2dty sERAMS & K AYRANTFENS |j dzS YIS NB 8IK 8 NI ¢
w/ ax 2. Ul kR ENOSNEYRTFI {/ & YR atta Ay
cat C/ Yy diYYNSRNRBRAEQSIR & NB LJ2 LJdzd LKA Y & LI Ok &H
L { - 19201 RY 6 KdzY Iy 2 RR @@ RSE XK AloNMBEIRdzG YA &HyC/

SNE (0 KNE A R yYONFINESHCNE A R R & & Btdiyida@ {OS TN i .dZN3
Y dzOf0SIZRNIA Yy X 10 NIRRT A28 & VI W NS Yy SR tONS I & B Ry
LISNDOSyY (| E8& 6 & fya SABNSG 3 dzf | § HEXASHOKABIIBEXATA 2y 2 F
HoxA8, and HoxAAbdetWahab et al., 202, Shi et al., 2018)n BM nichesAsxI1

performs essential roles in adipogenesASXLIestrains adipocytes differentiation

through inhibiting the activity of adipogenic mark&PAR (Park et al., 2011)

Enforcel expression of Asxll in murine pre-adipocytecells represses the
differentiation of adipocyte precursors, whifesxllknockdown promotes adipocytes

formation. To concludealthough AsxI:-KO mice displaydifferent haematological

phenotypesAsxllis anindispensable regulator for normal haematopoiesis

61



Tablel.7: Asxllhaematological phenotypes utilising mouse models.

NRindicatesnormal; IN, increase; DC, decreaard ND, not described.
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1.4.4 ASXLInutations in haematological malignancies

ASXLlexpression isbroadly widespread in haematopoietic compartmentsand
ASXL1 misexpressiors associated withperturbed HSPCsproliferation and
differentiationand enhancsthe transformationof haematopoietic cells intmyeloid
malignancies Heterozygote ASXLImutations are commonly existent in myeloid
malignancies and these mutations ardrameshift or nonsense mutationthat
predominantly l@alise at exori2and causeé>terminaltruncated ASXL proteinand
resultin loss-of-function of ASXLDrotein (Paschka et al., 2015, Katoh, 2013, Gelsi
Boyer et al., 2012 ASXLInutations affect the ability of ASXL1 to recruit histehe
repressivePCRzyenes suchas EZH1 EZR2, EED SUZ12and inhibit histone-3 tri-
methylation (H3K27me3), and subsequently activate the expression of
leukaemogenicHOXAgenes(Paschka et al., 2015, Katoh, 2013, Getgier et al.,
2012) Approximately90% ofASXIL mutationsare locatedat amino-acid 642685 of
exonl12, and the pGly646TrpfsX12mutation represents around 60% all mutated
ASXLDatients(Paschka et al., 2015, GeByer et al., 2012)

HeterozygoteASXLInutations have been identified iBohringOpitz syndrome, a
developmental disorder that is chaacterisel by craniofacial anomalies and
intellectual disabilitiegHoischen et al.2011) Somaticheterozygotemutations of
ASXLlhave been discovered ia large scale ofmyeloid malignancies such as
myelodysplastic syndrome@MDS), acute myeloid leukaemiayeloproliferative
neoplasm (MPN3uchasprimary myelofibrosigPMF), MDS/MPN overlap disorders
suchas chroniamyelomonocytic leukaemia (CMMIgndclonal haematopoiesign
elderly-related disorderthat coexiss with one or more somatic mutationthat lead
to myeloid neoplasmswith normal haematological profile@Paschka et al., 2015,
Katoh, 2013, GelBoyer et al., 2012, Asada et al., 2019tations of ASXL1 are
scarcelyseenin lymphoid malignancieASXLInutationsare the highestin CMML
patients (about 45% andrepresent approximately X20% of MDS patients 536 of
MPN patients5-10%of de novoAML patients30% ofsecondaryAML casesand 3%
of CLL patient¢§Paschka et al., 2015, Katoh, 2013, Gatgier et al., 2012)ASXL1
mutations arefrequently synchronouswith other gene mutations suchas GATA2
CEBP, and RUNXtranscription factors NRAS JAK2 SETBRINF1 and STAG2
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signaling genesIDHJ IDH2 and TET2DNAmethylation genes|J2AFland SRSFE2
spliceosome proteinswhile ASXLInutations are less frequenwith mutations of
NPM1 FLBandDNMT3AgenegPaschka et al., 2015, Katoh, 2013, G&tsier et al.,
2012, Asada et al., 2019 SXLInutations are positively associatedwith disease
progresson andoverall surviva{Paschka et al., 2015, Katoh, 2013, Getgjier et al.,
2012, Asada et al., 2019Monosomy7 and trisomy8 are the most common
cytogeneticabnormalities withASXLInutations (Paschka et al., 2015, Katoh, 2013,
GelsiBoyer et al., 2012, Asada et al., 2019)

However,some reports havesuggested thalASXLInutations are gainof-function
mutations that promote myeloid transformationrather than lossof-function
mutations. Retroviral overexpression of mutant ASXL1 protein (ASXLIMT)
(p.G646TfsXZ2derived from human MDS/AML patieptsn murine BMexhibits
peripheral pancytopeniajncreased cellularity in BM/spleemnyeloid/erythroid
dysplastic featuresuch as PelgerHuet anomaly,hypersegmentedneutrophils,
HowelJolly bodiesand polychromasiat 12 months oldInoue et al., 2013)Thus,
mutant ASXLTausedMDSlike phenotypesASXLAMT inhibits the function of wild
type ASXLANd fails to recruit PRC2 genasd ultimately diminishes thelevel of
H3K27me3and derepresses lewdemogenic miR152a and HoxA genes High
expression ofmiR152arepressesthe activity of Gtype lectindomainfamily-5-a
(Clec5a and subsequentlycausesimpaired myeloid differentiation(lnoue et al.,
2013) Conditional knockin mutant ASXLIp.E635RfsX35n murine (AsxIEMT!;
VavCre) showsagedependent increased myeloid cellagedependent decreased
RBCs, increased platelaimbers,ncreased megakaryocytgogenitors,a reduction
in numbers of LSK, HSQ4PPs and BM CFKlonies, an increment in MEP
frequencies and impaired HSPCs repopulation potential in transplant experiments
(Nagase et al.,, 2018) Conditional knockin ASXLL-MT mice fail to develop
MDS/AMLlike diseasefor up to 18 months Similarly, constitutive heterozygote
knockin mutant ASXL{p.G68Wfs) in murine(AsxI#'™T) did notdevelopMDS/AML
like disease up to 18 months astiowed normal haematologicabrofiles(Hsu et al.,
2017) Thusthe type ofASXLinutations(lossof-function orgainof-function) is still

controversial.
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1.4.5 SomaticASXLInutations inhaploinsufficient GATA2 patients

Somatic ASXL1mutations represent approximately 30% of MDS/AML cases in
haploinsufficient GATA2 patien(Jable 1.8) (West et al., 2014)Eight acquired
heterozygote ASXLImutations have been reported iGATAZhaploinsufficiency
syndromegWest et al., 2014, Bodor et al., 201€)inical features of germline GATA2
patients with acquiredASXLInutations involve younger than reported MDS/AML
cases (35+/- 12 years),biased femalesyecurrent monosomy7 and trisomy3
anomalies, andpgeedy disease evolution with poor survival rafégest et al., 2014,
Bodor et al.,, 2012)Given that acquiredASXL1mutations trigger MDS/AML
development in familial haploinsufficient GATA2 patietsalysing the interaction
between GATA2 and ASXL1 could be beneficial to understand theetaigk

transformation.

Tablel.8: GATA2ASXLInutations inGATAZhaploinsufficient patients.
Adapted from(West et al., 2014, Bodor et al., 2012)

GermlineGATA2 AcquiredASXL1 Cytogenetic Diseases
mutations mutations abnormalities
T354M G646fs Monosomy 7 MDS
R398W, G101fs| R693X, G646fs Normal, Monosomy 7, MDS, CMML
Trisomy 8
R361del G652S Monosomy 7, Trisomy € MDS
N371K L817fs Monosomy 7 MDS
Del340381 G646fs t(1;22) MDS
D367fs, V140fs, E635fs Normal, Monosomy 7 MDS
R337X
A318fs E1102D Monosomy 6 MDS
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1.5 Thesisobjectives

It is weltknown that GATAK I LJ 2 A Y & cads& Xa@iiaS MORAML and
immunodeficiency disorders such &onoMAC, DCML, chronic neutropenia, and
Emberger syndromeshat can proceed to MDS/AMRBcquiredASXLnutations are

highly recurrent in MDS/AML patients harbouring germiB&TA2nutations (West

et al.,, 2014) However,it remains largely unclear whaiSPGcompartments are

impacted, and what molecular mbBanisms are involved in these conditions. Several
conditional and constitutivé&ata2 haploinsufficient (heterozygote) murine models

exist that may be useful in modelling GATAZ2 clinical syndromes and progression to
MDS/AMLLY 2iNR3INJ&Saaf (K SLbA#EiH2ZE RQlY 4 difR3 OA Sy
I Rdzft & KI SYI 2132 AeSHRMOWRBA AYHEAIKIa Ayildz Y
D! ¢! v KI LI 2RANGAGISTYF A PEK & v O ay @ kS & gbr®liRe and

acquiredD! ¢ KH LI 2AYyadzFFAOASY Od Gata2¥ RaWE¢ §ndl o0& S\
Gata2’; Mx1-Cre O2 Y RAGA 2y I £ 1y 201 2 dzi Thetd adeShreé2 RSt a

primary aims of this project:

1. Evaluate the impact oD I G K & (i S NRdn &aiRg(&2 weeks) and
aged (1820 months) haematopoietic compartments usi@ata2’"; Vav
Cre mice.The VarCre promoter is expressed in the developing embryo
(E11) and acts as a model to study the chronic lossGata2
KI LI 2 Ay didzodng éndl 8ggdomurings a model of earlyand

late-onset disease

2. Assess the effect of acutely deletédl (i & & G S NPdn §aary {862
weeks) haematopoietic populations utilising inducilata2’!; Mx1-Cre
mice. The Mx2XCre promoter is activated in the adult stage and works as

a model to examine the acute loss®&ta2haploinsufficiency.

3. Explore the impact of thgenetic interaction betweeata2and Asxl1lon
the adult haematopoietic system and MDS/AML inibatusingGata2'";
AsxI1"; VavCre (double heterozygote) mice y R S yaiEkt @viv bt €
I LILINR I OKS & o
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CHAPTER 2 : Materials and Methods

2.1 Transgenianousemodels husbandry and tissues isolation

Mice models used in the study were based on-lBx®techniques. The CrHaxP
system is commonly used to generate a conditional knockout mouse of specific

target genes.

2.1.1 The Crdox recombination system

The CreLox system isvidely employedto introduce gene deletion, inversion and
translocation on specifitssues or cell type@Nagy, 2000, Pathania et al., 199G)e
recombinase(cyclsation recombination) is an enzyme from the bacteriophage P1
thato St 2y 3a G2 0(KS < -speyffic @cbNbinass. GietoMbingse 2 T
catalyseghe recombinationin a specific region thaits markedby two 34 basepairs

(bp) loxPsites (locus of Xover P1 bacteriophageachloxPsite comprisesof two

13bp inverted repead sequenceshat are separated byan 8bp spacer region. Each
13-bp region is recogeed by a Cre monomer, forming a tetramer. The DNA in the
spacer region is cut by the Grecombinase. The orientation and location of the loxP
sites determine how the product of the recombination reaction will be rearranged
deletion, when the two loxP sites are on the same DNA strand and are in the same
orientations; inversion, when the two loxP sites are on the same DNA strand but are
in the oppoge orientations; and translocation, If the loxP sites are on the different
DNA strand. Therefore, if the Cre gene is bound to a specific promoter, the
recombination is directed into a specific tissue or a cell tgmveral promoters that
drive Cre expression have been described, both Mx1 and Vav promoters are able to
direct Cremediated recombination in all haematopoietic cell typ&tadtfeld and

Graf, 2005, Kuhn et al., 1995)
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2.1.1.1 Mx1-Cre mouse models

The inducible Myxovirus dynamidike-GTPasd (Mx1) gene participates in the
cellular defence to viral infections. The expression ofNh& gene is regulated in an
interferon-dependent manner. TheMx1l promoter is activated following the
administration of synthetic doublstranded RNA of PolyinosiFRolycytidylic acid
(pIpC) that activates the expression of Cre recombin&sen et al., 1995pIpC
mimics viral infectionsby binding totoll-like-receptor3 (TIr3)and triggers the
expression ofinterferon typel signallingand promptly actvates Mx1-promoter
expressionTheMx1 geneis alsoexpresgd in mesenchymal stem cells, nestin cells

and perivascular celldoseph et al., 2013)

2.1.1.2 VawiCre mice models

TheVavpromoter isspontaneouslexpressed in fiematopoietic cells in theniddle

of embryamic lifeat around embryonic day EXl(Stadtfeld and Graf, 2005, Shimshek
et al., 2002)BothVVawCreand VaviCre, a codoimproved Cre, have the potenty
disrupt floxed genes inoétal haematopoietic cells(Stadtfeld and Graf, 2005,
Shimshek et al., 200ZJhe VauCre promoter is more specific than V@ve, whichis
designed to limitthe epigenetic silencing. In addition, thexpression of these
promoters is not restricted to thedematopoietic population and they are existent
in other tissues. VaC€re and the VaiCre promoters are expresseth non-
haematopoietic cellsuchasthe ovary and the testis, respective(yoseph et al.,
2013)

2.1.2 Experimental mice handling

Mice were generated and maintained at a controlled temperature, humidity and 12
hours light cycle in the Heath hospital animal care unit, Cardiff University. All the
animal experiments were conducted in accordance with the Animals Scientific
Procedures Act (1986), as amended by the United Kingdom Home @fficgct
license P6D863C9%ersonal licenselD1CBD61D
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2.1.2.1 Breeding strategies

The generation strategy dfoxed Gata2, floxed Asxl1 VawiCreand Mx1-Cremice
were previously describe(btadtfeld and Graf, 2005, Kuhn et al., 1995, Charles et
al., 2006, AbdelWahab et al., 2013zata2 mice were kindly provided by Dr Julian
Downward Francis Crick Instituté&/aviCre and Mx3iCre mice were kindly donated
by Dr Kamil KrantJniversity of EdinburghAsxI1 C57BI/6J (CD45.2) and C57Bl/6J

SJL (CD45.1) mice were purchased from Jackson Laboratory.

TransgenicGataZ'" and AsxI1? mice were produced as reported previously
resulting in a truncated nofunctional proteinof GATAZAnd ASXL{Figure 2.JAand
B) (Charles et al., 2006, Abeddlahab et al., 2013Yhe Vawand Mx1promoterswere
used to drive Creecombinase expression to excise the floxaata2/Asxl1allele in
the haematopoietic compartmentgStadtfeld and Graf, 2005, Kuhn et al., 1995)
Gata2’*, VaviCre females were bred wittGataZ', VaviCre males to generate
Gata2’, VawiCre (heterozygote) andGata2’, VaviCre (control) littermates.
Gata2l, Mx1-Cre (heterozygote) andGata2’, Mx1-Cre (control) mice were
generated by crossinGataZ/, Mx1-Cre males or females witlGata2’*, Mx1-Cre
males or females. Fadouble Gata2/Asxllheterozygote mice, Gatd?2, VaviCre
females were crossed witBata2”!, AsxIt", VaviCre males to generatéGata2/f,
VawiCré (singleGata2heterozygote) AsxI1'", VaviCre (singleAsxl1heterozygote),
Gata2’!, AsxI1’, VaviCre (double Gata2/Asxllheterozygote mice), antata2’f,
AsxI1/ VaviCre (control). Sesxmatched 812 weeks andl8-20 months oldmice

were usedn this study
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Figure2-1: The strategy used to produc&ata2/AsxI1null alleles.

(A) Generation of floxedsata2alleles Briefly, the targeting vector was designed to delete
the exon 5 of the&Gata2gene that encodes the-terminal zinefigure-domain, a DNA binding
part. The targeting vector which comprises of a neomycin resistance gene, FRT sites and loxP
sites were insertedetween exons 4 and 6 into murine -ESls. The targeting vector was
recombined the wildype Gata2 allele in EScells and followed by ERlls neomycin
resistance selection forming thargeted Gata2 allele. ESells that harbouGata2targeted
allele were inserted into C57BL/6 blastocysts to prodGega2’™ mouse chimaeras. The
neomycin resistance gene was deleted by crossing@h@2’" mouse to Flrecombinase
mouse strainskeeping exon 5 flardd with loxp sitesGataZ'" mice were generated by
mating Gata2’ to Gata2’" mice.Gata2null alleles were created by crossiGataZ’" mice

to Cre recombinase mice under the control of specific promot@3.Diagram describes
targeted Asxllalleles. Similarto GataZ"" mice, transgenicAsxI1/" mice were produced by
inserting a targeting vector for exonsl® into (ES) cell&\dapted from(Charles et al., 2006,
AbdelWahab et al., 2013)
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2.1.2.2 Mice identificationtechnique

The mnched ar was used formice identification at 3-4 weeks old Tissues that
removed during ear punching wereatilisedfor mice genotypingFigure 2.2 describes

our identification method.

Right ear: units, Left ear: tens

10 11

® % ® %
® @ ® -

& %

Figure2-2: Mice ear notchsystem.

E 2
é
¥

%
® %

2.1.2.3 plpC injection
Gata2’, Mx1-Cre" and Gata2’!, Mx1-Cre mice were giverplpCby intraperitoneal
injection every other day for a total of 6 doses. plpC was dissolved in PBS to form the

final concentration of 0.3 mg per dose, B&althcare.

2.1.2.4 Mice blood sample collection

Venesection peripheral blood sameg were collected from a lateral tail vein in
microvette capillaryblood collection tubes covered withethylenediamine tetra-
aceticacid (EDTASarsted). Haematological indices (complete blood count (CBC))

were measured using HemaVet, an automatic deuimstrument
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2.1.2.5 Isolation of murine haematopoietic cells

Mice were sacrificed by cervical dislocation and then rinsed with 70% Ethanol.

Spleenthymus,and legs were dissected out from a mouse.

2.1.2.5.1 Bone marrow cells isolation

Femusand tibisswere dissected from leyemoving muscles and skin tissuBsnes

were crushed in a mortar and pestle in t.phosphate buffer saline with 2%étal

bovine serumZ%PBSFBS) solution. The cell suspension was collected into a sterile
pn Y[ O2yAOFt (dzoS GKNRBdzZAK F 1n >Y OS¢t f
fragments were washed with 20L2%PBSFBS solution and the cell suspension was

transferred into a colle@n tube.

2.1.2.5.2 Spleen cells isolation

¢CKS aLX SSy g1 a Lilzi 2y [|-mnrsterileP¥étri dist. Splenia (G NI A
cells were obtained by gentgmashingthe tissuewith a sterile 2mLsyringe plunger

in 2mL 2% PBSFBSolution. The cells were washedth 5 mL 2% PBSFBSolution

and the cell suspension was collected into a sterilenl%ube.

2.1.2.5.3 Thymus cells isolation

I tn >Y OStf &d Nknimserid Patli dish. Tife khgriRandk®” | ¢ n
2%PBSFB$Sblution were transferred into the cell strainer. A sterile plunger from a 2

mL syringe was used to mash the thymus. The cells were washed with 2%
PBSFBSolution and the cell suspension was transferred into a sterilenLEonical

tube. Harvested cells frolBM, spleen, and thymusere then countedutilisingthe

BD AccufMmachine an automated cell counter
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2.2 Genomicpolymerase chain reaction

2.2.1 DNAextraction

Genomic DNAvasused to determinghe mouse genotypeDNA was extracted from
ear notch biopsie$25mg) or bone marrow sample@ip to 1x10 cells)according to
the manual of Isolate Genomic DNA kgrotocols(Bioling. Briefly,ear samples were
placedint  m®p YA ONE OSy ( NAySisdaaiSrGLj 200-19ysigsbufiek
G3, and 25 [proteinaseK buffer(provided in the kitat 56°C for 43 hours ina heat
block, while BMcells were incubated at 70°C for-16 min. 210> [of 100% ethanol
was added, and the mixturgasvigorously mixed. Then, the mixture was transferred
into IsolateGenomieDNASpinColumn and centrifuged at 1100@ for 1 minute.
Next,the DNASpinColumn was washed with 500 [washbuffer-GW1 and 600 [
washbuffer-GW2 (provided in the kit)and centrifuged at 1100@g for 1 minute.

Lastly, the DNA&pirColumn was transferred into a 1.5 microcentrifuge tube, and

100> [of preheated elubn buffer(provided in the kitlwas added to elute the DNA
and centrifuged for 1 minute at 11004 The isolated DNA samples were stored at
20°C.The DNA concentratioffinal concentration within the range of 286 ng/> )
and purity(the DNA absorbanceatio at 260 nm and 280 nm in the range of-1.9)
were determined using the Nanodreg000 spectrophotometer (Thernkasher

Scientific).

2.2.2 DNA amplification

A polymerase chain reaction (PCR) was used for the amplification ahvii®. PCR
was performed accordingto the Y I y dzF | OgduideNFB@NELR reaction was
performed on 100MThermal Cycler {B-Rad)in a 25> [total volume including 13.
> [of Mango mix (20mMIrisHCI,100mM-KCI, 3mMMgCI2, 0.002%elatin, 0.4mM
dNTP mix (dATP, dCTP, dGTP, TTP), 0.06anit®NA Polymeraseioline, 83> [
of nuclease freavater (MolecularProbes) and 0.1> [of each forward and reverse

primer SigmaAldrich). Table2.1 includegprimer sequences and PCR conditions
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Table2.1: PCR primers and thermal conditions.

Denaturation: 94°ClL min

Forward| 5'GCCTGCGTCCTCCAACACCTC| Annealing: 60°C, 1 min

Extension: 72°C, 1 min
Repeat 34 cycles

Reverse| 5 TCCGTGGGACCTGTTTCCTT/ Final cycle: 72°C, 10 mir
Cooling: 10°C

Gata2

Forward| 5 ACACCAACCAGCCGTTTIA(

Asxl1
Denaturation: 94°C, 1 mil
Annealing: 60°C, 1 min
Extension: 72°C, 1 min
Repeat 34 cycles
Forward| 5'ACGCCGGCTTAAGTGTAGA( Final cycle: 72°C, 10 mir
Cooling: 10°C

Reverse| 5 TCCTTGGATTTTTCTCASC/

Excised
Asxl1

Reverse| 5' GACTAAGTTGCCGTGGGIG

‘ Denaturation: 94°C,40 s¢
Forward 5' CCGAGGGGCCAAGTGAGAG( Annealing: 64°C, 40 sec

Vaw Extension: 72°C, 30 sed
iCre Repeat 30 cycles
Reverse| 5 GGAGGGCAGGCAGGTTTTGG| Finalcycle: 72°C, 5 min
Cooling: 10°C

Denaturation: 94°C,30 se

Forward 5' CGTTTTCTGAGCATACCTGG Annealing: 55°C, 30 seq

Mx1- Extension: 72°C, 1 min
Cre Repeat 30 cycles
Reverse 5'ATTCTCCCACCGTCAGTACG Final cycle: 72°C, 5 min
Cooling: 10°C

2.2.3 Gel electrophoresis

Agarose gel electrophoresis was performed to visadlie PCR productaccording
to molecular size2% agarose gel was prepared, 3 g of agarose powaaime was
mixed with 150mL1xTAE buffer (ThermoFish8cientific) andhen microwaved for
3 min at 900 W topolymerise Next, 5 > [of safeview nucleic acid stailNBS

Biologicaly was added to the content and then poured into a gel tray for 30 min at
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room temperature to solidify. Ae gel tray was transferred into the electrophoresis
chamber and covered with 1XTAE buffer.3(of molecular weight ladder (100 bp,
BioLabs) and 19 [of individualamplifiedDNA samples were loadexito the agarose
gel, the gel was run for 40 min at ¥lts. DNA fragments were viswselil using a UV

f A3Ki RSOAOS o6& GKS / K#BRad.520nat AYFIAy3IT ;

2.3 RNA extraction andjuantitative PCRanalysis

2.3.1 RNA extraction

Up to 5x10 cells were collected for RNA extraction using RNeasy Plus Micro Kit
(Qiagen)/ St fa BSNB Lizi Ay | wmdp YAONROSY (N
mercaptoethanol RLBuffer (Qiagen) and stored aB0 °C until extracted. RNA

samples were extracted accordibg the producer'sinstructions. Briefly, cells were

put in gDNAEIlimirator-spin-column and centrifuged for 2 min at 1100Q Then,350

pl of 70% ethanol was added to the flatwough tube and transferred into RNeasy
MinElute-spincolumn and centrifuged at 1100¢g for 15 seconds. Next, RNeasy
spincolumn was washed with B0> [W1-Buffer, 500> [RPE Buffe(provided in the

kit) and 500> [of 70% ethanol and centrifuged for 15 seconds at 1DAPGRNA was

eluted in 14> [of RNasdree water. The concentration of RNA was determined using

the Nanodrop2000 spectrophotometerRNA samples were stored e280°C.

2.3.2 cDNA synthesis

cDNA was prepared from extracted RNA samples using QuanKEeetse-
Transcription Kit (Qiageas perY I yV dzF I O dzZNBE NN & 3JdzA Refud y Sa o
tol>30 6 & Yi BEORWigehudibkiffer{provided in the kitand RNase

free water for a total volume of 14 [and incubated for 2 min at 42 to eliminate

the genomic DNA contamination. The mixture was mixed with [Quantiscript
Reverselranscriptae, 4 > [ QuantiscriptRFBuffer, and 1> [ RFPrimerMix
(provided in the kitffor a final volume of 26> [and incubated at 4ZC for 15 min.
Subsequently, the mixture was incubated for 3 rain93’C to stop the activity of

QuantiscriptReverselranscriptasecDNA samples were stored-20°C.
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2.3.3 Reattime guantitative PCR (RGPCR)

Quantitative PCR wagarried outon the QuantStudio® 7-Flex RealimePCR
System (Appliediosystems)yccordingto the producer'sinstructions A totalof 10
> [PCR reaction volume was prepatedcontain2 > [cDNA, 2.5 [RNasdree water,
a 0.5> [TegMan primer (ApplieeBiosystems), and 5 [of TagMan-UniversalPCR
MasterMix (AppliedBiosystems).Table 2.2contains TegMan probes and PCR

thermalconditions.Each sample wamnalysedn three technical replicates. The gene
expression level was calculated using the comparati¥é'“2 method after

normalisation to the Hprt housekeeping gengchnittgen and Livak, 2008)

Table2.2: List of RIgPCR primers and thermal PCR condition.

Gata2 4331182 | Mm00492301 Samplesvere amplified for 40 cycle

Initial denaturation’50°C,2 min
Denaturation: $°C,10 min
Annealing95°C,15sec
Extension60°C, 1 min
Cooling: 10°C

Asxl1 4351372 MmO01240150

> > > > P

Hprt 4331182 MmO00446968

2.4 BM colony-forming cell (CFC) assays

As perthe Y I y dzF I O (i dzNB MIDEbonkIN&raw2cellg WedeXesuspended in
250> [Iscove's Modified Dulbecco's Medium (IMDM) (Steni®@dléchnologies). The
cell suspension was added t8250 > [ of semisolid methylcellulose media
Methocult™ M3434that enhances myeloid celtiifferentiation and supplemented
with SCF, 1B, IL-6, erythropoietin,insulin, and transferrifiStemCelM Technologies)
The mixture was mixed. Then, Irilof the mixturewas plated in duplicate in 35 mm
plates using a sterile gauge needle and aBL syringe. Cells were incubated at
37°C with 5% CO2, and colonies were counted afE? days of incubation using a

light microscope To quantify Bcell progenitor colonies (CF&reB) 2x1G bone
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marrow cellswere plated in MethoculffM M3630that was supplemented with 17

(StemCelM Technologies).

2.5 Magneticckit* cellsenrichment

Bone marrow cells were enriched fotkit markers using Magnetic Activated Cell
Sorting ((MACS), Miltenyi Bioteagcording tothe company'sinstructions Bone
marrow suspensiofapproximately 15 miwas centrifuged for 5 min at 500 rcf, and
the supernatant was removed. Red blood cells were lysed by addmgfithe NHCI
lysis buffer for 2 min and subsequently neutsad by 9 mL of 2% PBSFB&nd
centrifuged br 5 minat 500 xg After removing thesupernatant, he cells were
resuspended in 306 [of 2% PBSFB®ith 20 > [of anti ckit MicroBeadgMiltenyi
Biotec)and incubated for 20 min at 4°C in the dark on the rotating shaker. The cells
were then washed with ImL of 2% PBSFB&nd centrifuged for 5 min at 508g.
Finally, the cells were resuspended im2 of 2% PBSFB&nd filtered through a 30
> YNylon filter (Sysmex) before AWMACS separatiorEnriched kit cells were
utilised for HSPCs sorting

2.6 Fluorescencectivated cell sortinganalysis

Fluorescencactivated cell sorting (FACS) analysis was performed on LSR Féttessa
(Becton Dickinson, Biosciegs) flow cytometer. Cells sortingas achieved using a
FACSArid' cell sorter (Becton Dickinson, Biosciencesjth a view to diminish
prospective spectrabverlap between fluorochromes, manual compensation was
carried outin FAC®iva software, in which single stains were prepared for each
fluorochrome in each experimenfnalysis of FACS data was performed with FlowJo

106.1 software (Tree Star).
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2.6.1 Lineage positive cells staining

About600> [of ammonium chloride (Ni€l)was added to 12 [(about 2x10 cells)

of peripheral blood samples for 12 min to lyse red blood c&lsund2x1® cellsfrom
PB, BM,spleen andthymuswere stained for 30 min at 4°C with fluorochrome
cocktailsas the followingmyeloid cells Macl and Grl; erythroid cell$er119 and
CD71;B-cells, B220; andT-cells, CD3, CD4, and CO®&ble 23). Cells were then
washed with2%PBSFB& 500xgfor 5 min atRT The cells were resuspended in 200
> [ of 2% PBSFBSwith 2 > [ of 20 >g/mL 4, 6Diamidinc2-Phenylindole,
Dihydrochloride (DAPWith a final concentratio ¥ n @ldo detémine live cells
Figure 2.3 describesgating strategies for analysinglineage positive cells.In
transplantation settingsCD45.1 and CD45.2 markers were addefliutorochrome

cocktails(Fgure 24).

Live
oo cells

g
Q
v
v

About 10,000
live cells were
recorded

FSC-A

CD71+

CD8+ Macl+Gri+ Terl19.  CD71+Ter119+

%;

[a)

Q

B

+
Macl
CcD71

Bt

Ter119+CD71-

Grl Ter119
Figure2-3: Gating strategies for BM lineage positive cells.
Nucleated BM cellsvere firsty identified by forward scatter and side scatter gating. Cells
were then gated for single cells using forward scatter A and H to eliminate doublets and
clumps. Next, cells were gated with DAPI negativextdudedeadcells. Finallyall cells were
gated flom live cells gate.
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Figure2-4: Gating strategies for the donor contributioim PB.
WBG were determined based oforward scatter and side scatteAll mature cellsvere

gated from live celldn order to measure the donor contributiol©D45.1 and CD45were
gated from each population.

2.6.2 Haematopoietic stem and progenitocellsstaining

Bone marrowcells were counted and adjusted to 1xX1gells/imL for staining.HSPCs
cells werefirstly stained with50> [Feblock (CD16/32and50> [antibodiescocktails
(biotin-conjugatel lineage positive cell@B220_CD3_CD4_CD8a_MaGlkl Terl19)
and conjugatedHSPCsmonoclonal antibodies(c-Kit_Scal CD48 CD150 CD135
_CD3%), while committed myeloid/lymphoid progenitoraere stained with 100> |

of antibodies mix [iotinylated lineage positive cellend conjugatedprogenitors
monoclonal antibodies (eKit_ScalCD34 CD16/32_CD135 CD12b150 CD105
_MAR1 CD4)) (Table 2.3)Stained cells were incubatéor 30 min at 4°C. Cells were
then washed witH mLof 2%PBSFB&hd centrifugedat 500xgfor 5 min at 25°C. Cells
were then incubated with streptavidin conjugates at the dark for 20 amih°C Next,

cellswere washedvith 1 mL of 2% PBSF&&1 subsequently resuspended in 68Q
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0f 2%PBSFBBith6> R F H 1 of DAROWA Y I £ O2y OSyil).Ndsty A 2y 2 7
0KS OStfa ¢ SNB LNyodflidr (Sysiiaxpintaz KACS tuloesbeforeY

being analysedFigure2.5 provides a schematic diagram describing HSPCs and
restricted progenitors gating methodi transplantexperimentsCD45.1 and CD45.2

markers were added tabovestaining cocktails andtainedwith 2x10 cells/imL

FSC-H

>

» FSC-A

Lin- cells
LSK

LK Low LSK

CD16/32
CD127

CD34 FSC-A
Figure2-5: HSPCs and restrictgatogenitors gating strategies.
Lineag€gLin) negative cells were gated from live cells to analyse HEB&s HSCs, MPPs,
HPC1, HPC2, and LMpPRsd committed myeloid/lymphoid progenitor§. K,CMP, GMP,
MEP, and C)PAround5x1® nucleated BM cells were recorded.
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2.6.3 Apoptosis assay

AnnexirV phospholipicdbindingprotein staining was utilised to quantify apoptotic
cells within a specific populatn. In the early stage of apoptosis, phosphatidylserine
(PS) translocates from the inner to the outtoplasmic membranewhichcan be
detected byfluorescent labelledannexin V that binds to PS. In the late stage of
apoptosiscellplasmamembranebecomespermeable and the fluorescent dye DAPI
enters the cells and binds to the DNWallberg et al., 2016 Haematopoietic stem
and progenitor cells werdirstly stained with surface fluorochrome cocktails as
described abovésection2.6.2 and then stained witi00> [of conjugatedannexin

V reagentin 1xannexinV buffer(provided in the kit)n the dark for 30 mirat RT
(Table 23). Cells were then resuspended 800 > [of 1xAnnexinV buffer with6 > [

of H N gL DAPI.CSf & T AL G SNRfiltell BefaR diivK

cytometric analysi¢Figure 2.6)
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Figure2-6: Gating methods for apoptosis analysis.

Four populations can be identified using anneXiandDAPI combination: live cells, annexin
V_DAPt early apoptosis, annexif”_DAP late apoptosis, annexis"_DAPTY; and necrotic

cells, annexitV_DAPI.
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2.6.4 Intracellular staining

Intracellular staining was performed for intracellular proteins B8 K! H2AX BCI2,

and BECLxL Ki-67 assayis used to assess the cell cycle phases within a specific
population. The nuclear 6i7 antigen is highly expressed in proliferative cells in
G1/G2/M phases compared to GO phase (a quiescent si{@edes et al., 1984)
Surface staied cells were fixed and permeabdd for 15 min at 4°C with PBS 1%
paraformaldehyde and PB®.1% saponin 2% Bovine serum albumin (BSA),
respectively. Cells were washed with PBS 0.1% saponin atgd00 5 min at 4°C.
Cells were intracellularly stained wit00 > [of Ki67 antibody in 0.1% saponi®%
BSA in the dark for 30 min and then washed with PBBSA (Table 2). Finally, the
cells were resuspended in 660[of PBS 2% BSA wil> [of 500> Int. DAPI(final

02y OSy (NI mBI2WR 2Fdzpa SIHkS y (1 f & MydndiltSra®RIR ( K NP
analysed by flow cytometrfFigure 2.7)

SSC-A
FSC-H

FSC-A - FSCA

LK LSK

Isotype control LSK LK
G1 S$-G2-M G1 S-G2-M G1 S-G2-M

Ki-67

DAPI

Figure2-7: Gating strategies for the cell cycle assay.
Cellcycle phases can be distinguished usin§/kand DAPI staining: phase, k67 DAPT,
Glphase, ki67" DAPT, and S/G2/M phase, 67" DAPT.
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Table2.3: List of fluorochromes used for flow cytomatranalysis

Target Cellular Clone Conjugate Original Marker Company
cells NEGC Conc dilution
= Macl M1/70 Biotin, APC, PI 0.2 mg/mL 1/1000 Biolegend
5 Grl rBescs | BOUN FITE | o mgmt | 11000 | Biolegend
3 PECY?
= Terl19 | TERL19 B'Ot'&'ﬂAPC 0.2mg/nL | 1/1000 | Biolegend
%L CcD71 RI7217 PE 0.2mgmL | 1/1000 | Biolegend
s /508 | kr311 | BOUMFITCH 65 mgml | 1/1000 | Biolegend
o g __APC
o % CcD4 RM45 B'CS:E”,' Egéyg '| 0.2mg/L | 1/1000 | Biolegend
£ g Biotin, APC
% S CD8a 53-6.7 Cy7,PE, | 0.2mg/nL | 1/1000 | Biolegend
O N BV650
g B220 RA36B2 | Biotin, FITC | 0.2mg/nL | 1/1000 | Biolegend
§ CD41 MWReg30| FITC, BV510| 0.5mg/nl | 1/1000 | Biolegend
= CD42d 1C2 PE 0.2mg/nL | 1/1000 | Biolegend
g CD45.1 A20 Apg\‘/gsvlffo 02mginL | 1/1000 | Biolegend
=
3 CD45.2 104 P&/?F, 'TBS’SQEC 02mginL | 1/1000 | Biolegend
S .0 " c-kit 2B8 APC, PE 0.2mg/mL 1/100 Biolegend
'g % Q Scal D7 APGCy7, PE| 0.2 mg/mL 1/25 Biolegend
S @ 2| cpso oFia, | PECY7 | O2mgii | 1100 | Biolegend
S E 5 CD48 HM481 FITC, BV510| 0.5 mg/mL 1/50 Biolegend
E 23 CD34 HM34 FITC, PE | 0.2 mg/nL 1/25 Biolegend
] g CD127 A7TR34 BV650 0.2 mg/nL 1/50 Biolegend
O R +~
é g E CD16/32 93 PE%/?(,:PE, 0.2 mg/nL 1/25 Biolegend
© = £ CD135 A2F10 PE 0.2 mg/mL 1/50 Biolegend
So2 CD105 MJ7/18 PE 0.2 mg/nL 1/50 Biolegend
g g MAR1 MAR1 PECy7 0.5 mg/ni 1/50 Biolegend
= % = | steptavidin| - PerCP,PB | 02mg/nt | 1/100 | Blolegend,
m SN eBioscience
FC block 93 0.5 mg/mL 1/50 Biolegend
Ki67 16A8 PE 0.2 mg/mL 1/25 Biolegend
<P Annexin V PE 0.2 mg/nmL 1/25 Biolegend
= Cell
g BCL:xL 54H6 PE 0.2mg/inL | 1/100 Signaling
5 % Teghnolqu
== BCL2 REA356 PE 0.15mgim | 1200 | Mitenyi
8 o Biotec
g '3 yH2AX 2F3 APC 0.25 mg/m 1/50 Biolegend
B 5 Miltenyi
O Isotype PE | REA293 PE 0.15mg/m_ | 1/100 ;
= Biotec
e Cell
Isotype APC| MOPG21 APC 0.2 mg/mL 1/100 Signaling
Technology
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2.7 Competitive andserial transplantation experiments

CD45.2BM cells were harvested, enriched farc-kit marker, stained with surface
HSPCsarkers (Lirage positive cocktailScal, «it, CD150and CD48) and sorted
for HSC4qLin_c-kit* Scal CD48 CD150 on FACS Aria as described above. 150
HSCs from eitheheterozygoteGata2 or control mice (CD45.2) were mixed with
2x10 competitor BM cells (CD45.1in 200> [PBSand transplanted into lethally
irradiated (wo doses of 500 radsfbur hours between the doses) recipient mice
(CD45.1) by tail intravenous injection as described previo{@lyanStruuck and
Dysko, 2009)For total BM transplant, 1xfQunfractionated BM cells fron€D45.2
mice together with1x1® unfractionatedsupport BM cellsfrom CD45.1Imice were
transplantedinto lethallyirradiated CD45 -hosts.For aged HSGxperiments, 300
CD45.HSCslongsideCD45.support BM cellsvereinjectedinto CD45. 4irradiated
recipients For secondary transplantatiomrimary recipient mice were sacrificed
sixteen weeks after transplantatioprand CD45.2 HSGsere purified from Gata2
heterozygoteand control mice. 2x19CD451 competitor BM cells were mixed with
200 CD45.HSCsand transplanted intravenously into ne@D45.dethally irradiated
recipients. Recipient mice were placed in an incubator at 37° C t&01%®in to
stimulate the tail vein vasodilation, and the tail vein injection was achieved through
a 26y needle with a 1rh syringe.Following the irradiation of recipient mice, the
drinking water bottle was supplied with enrofloxacin (10% Baytril oral solution)

antibiotic for 30 days.

2.8 RNASequencing

2.8.1 RNA samples preparation

Between5x10® and 8x1G HSC{LSK _CD48CD150) were sortedno pn xf - 2 F
mercaptoethanol RLBuffer on FAC®&ria, RNeasy Plus Micro Kit (Qiagemas
utilised to performRNAextractionas described abové&kRNA ampleswere stored at

-80° C util requiredfor sequencing.
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2.8.2 RNA library preparation and sequencing

Library construction ath RNAsequencing were carried outy Wales Gene Park,
Institute of MedicalGenetics, Cardiff Universit@Quality assessmentsvere firstly
performedto assessotal RNA quality and quantitytilising Agilent2100-Bioanalyser
and RNANano6000 kit (Agilent Technologie§)NA samplewith a concentration of
0.5-6 ngand RNANtegrity-Number (RIN) omore than8 were used foribosomat
RNAdepletionutilisingNEBNext@RNAdepletion kit(EE10, New England Biolabs®)
followed by the library constructionusing NEBNext® Sing@ell/Low Input RNA
Library PregKit for lllumina® (E6420, New England Biolabs@®)lowing the
Y I y dzF I O G dzNB NIhéludidg yotaliRNBz0Iyatiehylafed magneticbeads
Purification cDNA synthesisDNAamplification cDNApurificationusing Agencourt
AMPure® Beads (Beckman Coulterd)NAfragmentations,cDNAadaptor-ligation
using NEBNex@Multiplex Oligos forlllumina®(E6440, New England Biolabs®),
AdaptorligatedDNA cleaning, PCR enrichment, angurification of PCRproduct
using AgencourAMPure® XP beadluality tests werecarried outto validate DNA
libraries as the concentrationof the DNA libray usinga Qubit®fluorometer (Life
Technologies)and DNA fragment size usingAgilent 420@TapStation (Agilent
Technologies) In the last step the DNA libraries were pooled togetheand
normalisedto 4 nM and sequenced usin@ 75-basepairedend (2x75bp PE) dual
indexread-format on the lllumina® HiSeq4066quenceias peri KS Y I y dzF I O dzN

guidelines

2.8.3 Bioinformatic analysis of RNA sequencing dataset

Quality tests were firstly performed for RNA sequencing databem Galore was
used to remove adaptesequencs using a Cutadapt tool, and poquality ends of
reads were eliminated using a FastQC tool by performing p&ned mode.The
GRCm38.p6 mousgenome was utilised to map trimmed reads (FASTq files) using
STAR software with the MultimapNMax=1 flag setting to exclude any reads that
mapped to more than one location. The Subread featureCounts Veis®Aa
software was used to calculate reads countiagboth exons and transcrip{&iao et

al., 2014) The GENCODE M18 gemedel was employed to determine exon and
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transcript locations. Raw data were generated including numbereafds that
mapped for each gene. The DEseq2 Bioconductor packagescnp®s statistical
computing softwarevas used to identify differentially expressed gelfesve et al.
2014) andp-values and adjusted-palues (False Discovery Rate, FDR values) were
calculated to diminish false discovery iss{@snjamini and Hochberg, 199%bove

mentionedanalygswere performed byWales Gene Park.

Thelngenuity Pathway Analysis (IPA, Qia@g@oinformatics) software was utilised to
exploregene ontology and common canonical pathways for transcripts pvitalues

Fndnp FYR C5w @lftdzSa f nodnpd CAaAOKSNDa 9
pathways. Gene Set Enrichment Analysis (GSEA) was also used to identify significantly
enriched pathwas with pvalues <0.05 and FDR values < 0.05 usatighark gene

sets and Czurated KEGG, Reactome, and BioCarta gegts databas@ genesets

in the GSEA Molecular Signatures Datab@s8igDB, V4.0.5ubramanian et al.,

2005) Morpheus online software (Broad Institute) waslised to draw heatmaps

for differentialy deregulatedyenes

2.9 Asxl1Knockdown procedures

2.9.1 Plasmids purification

Scramble (Emptyector, VB1509230051) and shorhairpin Asxll (mAsxI1

(shRNA1), VB18051897ubr andmAsxIIshRNA2), VB180543.98gbn) plasmids

were bought from VectorBuilder company. psPAX2 and-&$lasmidsvere kindly

provided by Dr Kamil KrandJniversity of EdinburghFigure 2.8 describesegtor
components and\sxltshsequencesAll plasmids were cloned StbI3E. colbacteria

and preserved il 3f e OSahB stored @B G/ YR SEGNY OGSR
Y Iy dzF | CHiddkNBICINB/SREG S NA | ¢ S NP ¢ EMANAGZCE\RD N2 V3 Sy K
LX FGS FYR AyOdzod/i®Rt 2PENF X IRAA 6 dzNBR ol O
YR Odzf i ¥NBRONFOIKYNA ¥ BRA B Yy GATKKY [H n2nF | Y LIA O
(Gibco)and incubated in a shaking incubator fo6dours at 3¢ / DNA plasmids

were puified using the EndoFree Plasmid Mgiti (Qiagen) as peY | y dzF I O (i dzNB NJ
Ay ailNUHZOyi R 2 y& (G 2 NiS/Rc / | Gdzy (0 A £ The NIalodzbpRIBR ©
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spectrophotometer (Thermd&cientific) was used to measuré b !

O2y OSYGNI A2y ®

RSV promoter

LJdzNA { &

RSV promoter

5’ LTR )
5’ LTR
uc A, w
p / B N J pucC o . U]
. RRE / . RRE
Ampicillin . Ampicillin
N C -
pLV(ShURGNf'i)'Tfhe"y. UG promoter pLV(shRNA-2)-mCherry- cPPT
MASX mAsxI1 U6>mAsx|1 Ui prﬁmoter
MASX
7678 b
P h(;giNA'l) 7678 bp (ShRNA-Z)
» / hPGK
svao /-t promoter "b promoter
IR/ mCherry Va0 mCherr
/  WPRE 3’ LTR . Y
/ WPRE
v RSV t
Target sequence prO?iT(:{r Target sequence
5'-TGCCACCCACCCATC pucC e ] 5'-GTGCCTTGTGGTGA
ATATTTCTCGAGAAATA / / RRE GATAATACTCGAGTATT

ATCTCACCACAAGGCAC-3’

TGATGGGTGGGTGGCA-3’

Ampicillin
" 'pLV(shRNA)-mCherry

U6> Scramble shRNA

I Scramble
shRNA

8074 bp
»
w
SV40 ==
3’ LTR WPRE

Figure2-8: Asxl1plasmids constructios.

cPPT
U6 promoter

hPGK
promoter

mCherry

Diagrams illustrate plasmids componentgarget sequences oBhAsxlIlplasmids are
highlighted in bluemCherry reporter gene works as a marker to isolate transduced cells by
expressing a red fluorescent protein; Rous sarceinas promoter (RSV) promotes ViRINA
transcript in packagingells; Human U8maltnuclearpromoter (U6promoter), a Pol llI
promoter that drives mRNA expression; Human phosphoglycekatasel-promoter
(hPGKpromoter); Simian virud0 earlypolyadenylationsignal (SV40) enhances mRNA
polyadenylation; Ampicillin resistangeneprovidesampicillin resistancepUC promote£.

coli pasmid replicationWoodchuckhepatitisvirus-posttranscriptionalregulatory element

(WPREpromotes stability of viraRNA in packaginrcells; HIVL packagingt A 3y I

RNA packaging; HiVRevwresponseelement (RRE), virRINA packaging; Centiadlypurine
tract (cPPT) imports HIV cDNA to thenucleus Longterminalrepeat (LTR) enhances viral
RNA transcription and packagimgdapted fromthe VectorBuilder leaflet
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2.9.2 HEK293T cell line

Human embryonic kidney cell line (HEK293T c€ldiBiolabs) is widely used in
transfection assays. HEK293T cédlighly expressthe SV40 largd-antigen that

enhances the replication of plasmittgat originally have the SV4intigen. HEK293T
OStta oSNB Odzf GdzZNBR Ay 5 dzf EVS@H® Qith 10%2 RA T A
foetal bovine serum (FBS, Gibco), 1%glutamine (Gibco), and 1%
Penicillin/Streptomycin (Gibco). HEK293T cells were plat&d0 mm petrdishwith

a density of 1x192x1@ cellsimL The passage of cells was performed eveBydays

with confluency of 7600%.

2.9.3 Lentiviral Asxllgeneration

Lentivirus was produced using the CalciBimosphate transfection method that

enhances the DNA condensation on the cells surfiamyston et al., 2003) f | & YA Ra
6mMn >IKRAEAK 2F fSYUGAGANIf AKwtdLl @NI A 0OWH Y
LI | ZY RN R Ik RA-BKI 2 FIYVER £ [satbipm chloride (Sigma) were

mixed with free nuclease water for a 580[final volume(Figure 2.9) The mixture

was slowly added drop by drop to 560 [2x-HEPE®uffered saline (Sigmagnd

incubated for 1215 min at RTApproximately60-70% confluent HEK23T cells were

used for transfections. 10L2 ¥ FNB & K Y S R Adhlordqying eSig@adwad Hp >
gently added to HEK293T cells in a 10 mm kst before transfection. The DNA

mixture was lightly added to the whole dish and incubated éC3for 616 hours.

Media was exchanged withrBLof freshly new media. THentiviral supernatant was
KFNBSAGSR G Wwn YR ny K2dzNA | yARIricH.Af 0 SNB
Ultra-centrifugation was performed for the collected supernatant usbygima XPN

80 Ultracentrifuge Beckman Coultgrat 2300xg for 2 hours at 4C, and generated

viral particles were stored aB0°C until the next step.
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(A) (B)
Calcium Phosphate Transfection 293T-cells morphology

x LY
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transfection transfection
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Wiia/dich CMV | U6 | shRNA | LTR
- P'asmid---- - .
gl cvv | GAG | PoL | REV ..’.
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CaCl2 solution

B o
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Figure2-9: Lentiviral Asxl1generation.
(A) A diagram describes the productionlefitiviral AsxI1.(B) The morphology of 293T cells
before and after transfection.

2.9.4 Lentiviral Asx|1titration

Approximately5x10* HEK293T cells were seeded iml of DMEM supplemented

with 10% FBS, 1%-glutamine, and 1% Penicillin/Streptomycin in~d2ll plates
(Statabgroupg A G K | RAFTFSNBY (I | Y2 daip nEfv n@anNg € L
I Yy R A)dmdincubated for 115 hours at 3PC. The medium was replaced with

1 mLof new nedia and incubated at 3 for 72 hours. HEK293T cells were collected

and analysed by floeytometry to determine the expression level of mCherry protein

(Figure 2.10). Wells withZ0% of mCherry positive cells were used to calculate the

correct viral itre in order to avoid viral multiple integratior{ehse et al., 2004The

viral titre was determined by multiplyingJt | 10 SyRdzY 6 SNB ¢ A Gi®S fiiNT vy &
LSNOSy Gl 3Sa KR RADAZRSR2WEDANI £ LI NI A Of Sa
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Figure2-10: Lentiviral AsxI1titration.

FACS plots shathe frequency ofive mCherry cells The viral titre was calculated from wells
with 5-20% of mCherrycells as followsnumbers of plated cells x percentages of
transduced cells / Volume of viral particles (m8310* X 0.156/0.0005 mL =m p ¢ Evinat bl
particles/mL.

2.9.5 Lentiviral transduction

Retronectin (Clontech) approach was used to transduce murine HSPCs. Retronectin
reagent is fragmented recombinant humdibronectin and facilitates the interaction
between cells and lentivirdtansfergene. Retronectinreagent is comprised from
the celtbinding domain (€lomain), which bind# target cells integrin receptor VEA

5 andVLA4, and heparirbinding domain (FHlomain), which binds to viral particles
(Kimizuku et al., 1991% x1¢ murine LSK cells were sorted as described above
(sectilms 2.5 and 2.6.2and prestimulated in 200 plscove's Modified Dulbecco's
Medium (IMDM) (StemCéN Technologiessupplemented with 100 ng/tom-SCF
(mousestem-celHactor, Peprotech), 100 ng/lmm-TPO (mous¢hrombopoietin,
Peprotech), 100 ng/in mFIt3L (mousd-msrelated tyrosine kinas&-ligand,
Peprotech), 10% FBS (Gibco), igkutamine (Gibco), and 1% Penicillin/Streptomycin
(Gibco) and incubated for-8 hours at 37°C, 5% CQ@Rolmfeldt et al., 2016,

Hosokawa et al., 201096-well culture plates (Starlab)eve covered with 200 pl of

M n  bd retronectin and incubated for 2 hours &TF & LISNJ Y I ydzF | Ol
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instructions. Following removal of the retronectin reagdettiviral particles in 200

ul of IMDM were added to preoated 96well plates withaYdzf G A LJX A OAG& 2F
GahL0O 27F pnilithSWHFEDK SRFZOBS WI&tE LI NG AOE Saz |
2100xg at RTfor 2.5 hours. Prestimulated LSK cells were added to feativiral
retronectin-coated plates and centrifuged for 5 min at 5&§at RTand incubated

overnight at 37°C, 5% @Qhe next day, media was gently removed, and cells were
collected and washed inMDM. Cells were next plated with new IMDM
supplemented with cytokines as described abawehis sectionand incubated at

37°C,5% COQfor 72 hours(Holmfeldt et al., 2016, Hosokawa et al., 201The
percentages of mCherry positive cells were evaluaisthg flow cytometry, and
mCherry live cells were sorted faEFC (1xFOcells were plated in M3434

methylcellulosemedia as described aboysection 24)) or qPCR.

2.10 Statistical analysis

Statistical analysis and graphs were performed using GraphPsa Br8 software
(GraphPad Software). Data represent the mean and error bars represent standard
error of the mean (SEMAII Data underwent for normality tests using Anderson and
Pearson tests before being analys&datistical significance wagtermined using an
unpaired2-tailed t-test, MannWhitneyU test, or One-Way ANOVATukey's multiple
comparisons tesunlessmentioned otherwise Differences between samples were
considered significant based on thevplue: *, P < 0.05; **, P < 0.01; **E < 0.001
kP < (0.0001.
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CHAPTER 3 : The role ofGata2haploinsufficiency in young and
agedhaematopoieticcompartmentsusing VaviCremouse

models

3.1 Introduction

Self-renewal and differentiationdefine HSCGunctions and the kalance between
these two processesare critical for the maintenance of blood homeostasis
throughout the lifespanof an organisn(Orkin and Zon, 2008, Seita and Weissman,
2010) Lineagespecifictranscriptional factors are involved in regulating tfage of
HSG. GATA is a member of heptadFghat regulate haematopoietic gen€gVilson

et al., 2010) Expression ofcata2 mRNAis found in embryonic and adulHSPCs,
committed myeloid progenitors, erythroigrecursors, megakaryocytes and mast
cells(Tsai et al., 1994, Tsai and Orkin, 199Vijh the nost prevalent expression
found in HSCs which declines during differentiatifenendezGonzalez et al.,

2019b, Orlic et al., 1995, Guo et al., 2013)

GATA3s indispensable for the generation of HSCs framnhogenicendothelium in
the endothelialhaematopoietic transition proces@le Pater et al., 2013)Germline
deletion of Gata2 is embryonic lethal at E10diie to severe anaengi complications
(Tsai et al., 1994Conditional knockoutGata2”; VavCre) and germlinedeletion
(Gata2”) of one allele ofGata2 in embryoscausea significant reduction irHSC
numbersin the AGM region andeétal liverand a defect in AGNHSCs repopulation
potential in transplantation setting&e Pater ¢al., 2013, Ling et al., 200fnalysis

of adult BM utilsing germlineknockoutmouse models shows th&ata2*-mice have
decreased HSCs pool sizegreased cellular quiescence and apoptosis of HSCs,
reduced number of granulocyte/macrophage progengtoand a defect in HSCs
repopulating capability in competitive transplantation experiments, whereas HSC
potential for selfrenewalappeasto beunaffeded (Rodrigues et al., 2005, Rodrigues
et al., 2008) GATA2 overexpression mouse models and human Cb8d
haematopoietic cells show an increase in quiescent HSCscoupled with a

differentiation block of HSCgPersons et al., 1999, Tipping et al., 200)gether,
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these findings implying that the precise level Ghta2 expression is decisive in

generating and maintaining HSC funcgon

GATA2 haploinsufficiency (heterozygosity) is linked to clinical immunodeficiency
syndromessuch as MonoMAC syndrome, DCML deficiency syndrome, Emberger
syndrome, and congenital chronic neutropenia, that eventually develop into MDS/
CMML AML GermlineGATA2mutations have beerfurther identified in familial
MDS/AML patientgDickinson et al., 2011, Hyde and Liu, 2011, Hahn et al., 2011, Hsu
etal., 2011, Ostergaard et al., 201The clinical features of MDS patients with GATA2
haploinsufficiency syndrome comprise that the disease onset betwbe age of 3

and 78 years; it is more common in young patients with a median age between 21
and 33 years and those patients wishfrequent family history of MDS; low blood
frequencies of monocytes, dendritic cellsc@ls, Nkcells and CD4:CD8 celéio;

the normal level of haemoglobin, neutrophils and platelets in peripheral blood; BM
hypocellularity; and a reduction in the numbers of mijtnphoid and granulocyte
macrophage progenitorsandcytogenetic abnormalitiesepresent around 60960%

of all casesuchas monosomy? and trisomy3 (Collin et al., 2015, Dickinson et,al
2014, Calvo et al., 2011, Bigley et al., 2011, Wlodarski et al.,.2017)

3.1.1 Aimsof this chapter

Althoughmalignant myeloid transfanation occurs impproximately 75%f germline
GATA2haploinsufficient patients(Wlodarski et al., 2017)there has beenlittle
researchabout altered HSPQ:ompartments affected downstreantranscriptional
pathways and underlying molecular mechanisms inthis context Additionally,
previous studies have nonvestigatedthe role of GATA2 haploinsufficiency in aged
haematopoietic populations This study employed conditional knockoutmouse
models to investigate the role @ata2 heterozygote inyoung(8-12 weeks oldand
aged(18-20 months ol HSPCs and haematopoiesisie allele othe floxed Gata2
genewas specifically deleted within haematopoietic compartmeat<£11utilising
the panhaematopoietic VauCre promoter to mimic germline GATA2
haploinsufficiency syndromdsStadtfeld and Graf, 2005Functional, transcriptional

and immunophenotypic characteristics of young and aged HSPCs were analysed,
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including immunophenotyping analysis of primitive HSPCs, committed
haematopoietic progenitors, and mature blood cells; apoptosis assaysgycis!
assays; colonforming cell assays; HSCs RNA sequencing, and HSCs repopulation and

selfrenewal capacities using competii and serial transplantation experiments.

3.2 Roles d Gata2haploinsufficiency in young haematopoieticells

3.2.1 The generatiorand validation of Gata2*"; VawiCre mouse strairs

The Cred_ox recombination system provides an approach to generate conditional
heterozygousGata2mouse modelsGataZ'! mice were kindly donated by Dr Julian
Downward, Francis Crick Institute. TransgeGataZ/ mice were generated as
reported previouslyCharles et al., 2006Jo begin exploring the function &ata2
heterozygote in the adult haematopoietic system (Figure 3.1G4ja2"*; VaviCre

with GataZ/; VaviCrewere crossed to prduceGata2’!; VaviCre (heterozygote)

and Gata2’"; VaviCre (control) littermates (Figure 3.1 Blata2”!; VaviCre mice
were born in the expected Mendelian ratio and appear phenotypically normal when
compared with their control littermates. To kify Gata2deletion, genotyping was
performed by genomic DNA PCR of ear notch biopsies and BM cells, which confirmed
Gata2heterozygote and control status (Figure 3.1 Gata2mRNA expression was
assessed in total BM cells and sorted LSK caHatia?’!; VaviCre and control mice.
Expression level dbata2mRNA was similar in BM in both littermates, while a two
fold reduction ofGata2mRNA was observed in LSK celGata2’"; VaviCre when
compared with controlmice (Figure 3.1 D) Thus, Gata2”; VawviCreg mice

demonstrateefficient deletion of a singl&ata2allele.
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Figure3-1. Gata2”"; VawiCre mice breeding and genotyping.

(A)A scheme describes the experimental des{gontrol anoGata2+/ﬂ; VaviCre littermates

were evaluated at €2 weeks old(B) Breeding scheme trfansgenidGata2 mice.Gata2'";
VawviCreand control micenvere born in Mendelian ratios. (C) Gghowing PCR products of
genomic DNA samples. (+), wild type, 717 bp; (f), floxed allele, 844 bp; and excised allele, 181
bp. (D) RelativeGata2mRNA expressiocomparedwith Hprt mRNAIn BM and purified LSK

cells fromGata2’; VaviCre and control miceusingthe comparative 2 "/ thethod, n= 3

mice for each genotypdataare presentedasmean + SEM.

3.2.2 Gata2 haploinsufficiencymice showa decreasen numbers of mature

megakaryocytesnd peripheral platelets

Peripheral complete blood count (CBC) indices were performed/dang (812
weeks old)Gata2’!; VaviCre and control(Gata2’; VavCre) mice(Figure 3.2 A)
No differences in numbers of WBCs, RBCs, and haemoglobsvevelobserved in
both littermates. However, the number of platelets was significantly decreased
Gata2’!; VavCre mice as compared with the control grougtxtensive flow
cytometric analysis was performed fiameagespecifichaematopoietic cells the PB

BM, spleen, and thymus for both control aGata2’™; VavCre mice.

95



The otal cellularity of BM, spleen, and thymus cells was comparable between
genotypesWe characterisednyeloid cells using cell surface protein markers such as
Mac1 (Monocytes/Macrophages and granulocyte precursors) and Grl (Neutrophils,
Eosinophils, Basophils and Monocyte/Macrophage precursors). For erythroid
compartments, erythroid cellerere categorisednto three discrete subpopulations

by usingCD71 and TER119%peins expression as 1. Proerythroblasts (COT&r119
flow). 2. Earlyerythroblasts (CD7T Ter119*) and 3. late erythroblasts (CD71
Ter119). T-cell markers (CD4 and CD8) and theeB marker (B220) were used to
analyse lymphoid cell$:low cytometrc analysis revealed that the frequencies of
myeloid,lymphoid,and erythroid cellsn the PB, BMspleen and thymusvere similar

in both Gata2’"; VaviCre and control mice(Figure 3.2 C, D, E and FThis is
consistent with previous studies wheréerminal differentiation of myeloid/
lymphoid/erythroid blood cells was unperturbed in ad@ata2 heterozygotemice

(Onodera etl., 2016, Rodrigues et al., 2005, Rodrigues et al., 2008)

While GATA has been implicated as a key regulatbmegakaryopoiesi€Gao et al.,

2013, Huang et al., 20Q9je role of Gata2haploinsufficiency in megakaryopoiesis

is unclear. Thereforethis studyassessed the frequency of mature megakaryocyte
cells in BM and spleen using CD41 and CD42d markers. A significant reduction in the
percentages of mature megakaryocyte cells (CO&Kd*) was noticed in BM and
spleen inGata2’™; VaviCre as compared with contraiice (Figure 3.2 G)These
findings demonstrate thatGata2 haploinsufficiency perturbs maturation of
megakaryocytes, providing an explanation for decreased peripheral glatembers

observed inGata2’™; VaviCre mice.
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Figure3-2: Haematopoietic lineage distribution in the PB, BM, spleen, and thymu&afa2

haploinsufficient mice.

(A) Absolute numbers of peripheral WBCs, RBC, haemoglobin level, and plateletdril and
Gata2’™; VaviCre mice. n= er groupfrom two independent experiment{B) Total cellularity
numbersin BM from two femurs and tibias(cells/30mL), spleen(cells/7mL) and thymus
(cells/4nL) in control (n=6) andGata2’; VaviCre (n=7) micefrom threeindependentbiological
replicates (O Thefrequencies ofmyeloid(Macl, Grland lymphoidB220, CD4, CD&lls in the
PBfrom control andGata2’"; VaviCre mice. n= &or eachgenotypefrom three independent
experiments (D, E and F) The percentages of cells in the(B)spleen (E), antiymus (F)f
control (n=6) andsata2’™; VaviCre (n=7)mice. Data were collected from three independent
experiments.Pro-E indicatesproerythroblasts (CD71Ter119°%); EarlyE, earlyerythroblasts
(CD71Terl19); LateE, late erythroblasts (CD7ler119); DP, CDLD8; and DN, CDED8. (G)
Representativeflow cytometric analysis (Lefthand) of the frequency ofmegdaaryocytes
(CD41CD42d) and absolute numbersRight) in the BMand spleerfrom control andGata2;
VawiCre mice.n= 4 mice per groufrom a single biological replicatBresented dta are mean

+ SEM. Statistical analysis: MawitneyUtest *, P < 0.05
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3.2.3 Gatazhaploinsufficiency perturbsellnumbers ofmyeloid, erythroid,

and megakaryocyte progenitors

After observinga reduction innumbers of mature megakaryocytéplatelets in
PB/BMspleenandno differencen the frequencie®f myeloid/lymphoidpopulations
in haematopoietic tissuesywe next assessedhe impact ofGata2 haploinsufficiency
on the frequencies ofcommitted myeloid/lymphoiderythroid/megakaryocyte
progenitors in the BM based on cell surfageotein markers. LK (Lin Scal c-Kit)
cellsare comprised froncommonmyeloid (CMPLK_CD34 CD16/32) and lymphoid
(CLP, LinSca®" c-Kit°” CD127) progenitors (Akashi et al., 2000, Kondo et al.,
1997) CMP differentiate to either granulocytémacrophage (GMP, LK_CD34
CD16/32) or megakaryocyte/erythroid NIEP, LKCD34 CD16/32) restricted
progenitors Flow cytometric analysis showedthe frequency of GMPswas
significantly reduced iGata2’"; VawiCre mice, whilethe proportions of LK, CMPs,
MEPs, and CLPs watemparable in both genotyped-igure 3.3 A)We then used

t NPy 1 SiG I ftoQfartheK andlyse N&xetoid/erythroid/megakaryocyte
restrictedprogenitors(Pronk et al., 2007)n this paradigm, CMRgve rise to either
primitive  granulocyte/macrophage progenitors (F&M, LK CD150 CD41
_CD16/32 CD10j that differentiate into GMPsLK CD150 CD41 CD16/32) or
primitive erythroid/megakaryocyte progenitors (PMegE LK CD150 CD41
_CD16/32 CD105. PreMegE cells segregateto either primitive erythroid forming
colonies (PreCFUE, LKCD150 CD41 CD16/32 CD105 that differentiate into
erythroid forming colonieand proerythroblast(CFUEand Ro-E LK_CD150CD41
_CD16/32 CD105 or megakaryocyte progenitors (MKBEK_CD150CD41 ). This
study found a significant reduction in the frequenciesRifeGM, GMP, PrdMegE,
MkP, andPreCFUE in Gata2’"; VaviCre when compared to control micérigure
3.3 B) Thesdfindingsagree withprevious studiesin whichGata2haploinsufficiency
affects GMP numbergRodrigues et al., 2005, Rodrigues et al., 2008paddiion,
interestingly,Gata2haploinsufficiency disrupts early myeloid restricted progenitors
(PreGM), primitive erythroid PreMegE and PHEFUE), and megakaryocyte
progenitors PreMegE and MkP
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Figure3-3: Flow cytometric analysis of the BM haematopoietic progenitorsGata2’;

VawiCre mice.

(A) Representative immunophenotypic analysis (lefhd) and the frequencies (Right) of
committed myeloid/lymphoid/erythroid/megakaryocyte progenitordK, CMP, GMP, MEP,
and CLP) otontrol (n=6) andGata2’; VaviCre (n=7) mice from threeindependent
experiments. (B) Representative FACS plots-fiaeft) and gating strategy (Lddottom) and
the percentages of myeloidP(eGM, GMP), erythroid RreMegE, PreCFUE), and
megakaryocyteRreMegE, MkPprogenitorsin the BM ofcontrol (n=6) andzata2’; Vav

iCrée (n=6)micefrom two independent experiment®ata represent mean + SEM. Statistical
analysis: ManiWhitneyUtest *, P < 0.05; **, P < 0.01

99



3.2.4 Gata2 haploinsufficientmice exhibit a reduction inthe numberof BM

CFUGM progenitors

In vitroCFC assays were perforntedcexaminethe functional abilityof BMprogenitor
cells fromGata2’; VaviCreé mice to proliferate and differentiate to restricted
haematopoietic progenitors. BM cells were plated in M3434 media, whichmptes
myeloid-erythroid cell differentiation, and M3630, a specific media for primitive B
cells differentiation. The total numbers of myelesdythroid colonies were
comparable inGata2”; VaviCre and control mice(Figure 34 A) However, there
was a significant reduction in the number@FUGM colonies ofzata2’; VaviCre
when compared to control mice, while the numbers@FUGEMM, BFLE, CFM
andCFUG, CFtPreB colonies were comparable in both littermafEgyure 34 Aand
B). These data confirm previous studiesgermlineGata2 heterozygote modesd and
indicate thatthe number of CRGM colonies is specifically reduced @Gata2
haploinsufficiencymice without impact on other haematopoietic progenitor fates
(Rodrigues et al., 2008)
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Figure3-4: CFC assays of total BM cells fré@ata2 haploinsufficient mice.

(A) 20x1C° BM cellsof Gata2™; VavCre and control micevere plated inM3434 semisolid
methylcellulose media containing SCF3ILL:6 and Epo, and coloni@gere counted after 12
days n= 6 mice for each genotygeom three independent experiment$B)20x1d BM cells
were platedin M36330 media supplemented with-7 from Gata2’"; VavCre and control
mice, and coloniesscored 7days after plating n= 4 pergroup from two independent
biological replicates. CFU indicates ColonyFormingUnit CFUGEMM, CFU
Granulocyte Erythrocyte_ Macrophage_Megakaryocy@&UE, CFUErythroid; CFWGM,
CFU GranulocyteMacrophage; CFW, CFU Macrophage; and GBJ CFU Granulocyte.
Presented dtaaremean = SEM. Statistical analysis: M&MhitneyUtest *, P < 0.05
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3.2.5 Primitive HSPCs are perturbed in yougta2 haploinsufficient mice

To assess if the alteration in lineagpecific lmematopoietic progenitors was caused

by a disruption inthe frequencies of primitive BM haematopoietic stem and
progenitor cells (HSPCs) @ata2 haploinsufficient mice, we analysed the HSPC
compartment by flow cytometry. LSK (Lifcal® _cKit) and SLAM markers (CD150

and CD48) were used to dissect HSPC compartments as follows: HSC,

LSK_CD150CD48 HPC1, LSK_CD150D48 HPC2, LSK_ CD150D48; and MPP,
LSK_CD150CD48 (Oguro et al.,, 2013, Kiel et al., 2003)PC1 progenitors

differentiate into lymphoid/myeloid restricted progenitors and are incapable of

advancing to megakaryocytes/ erythrocytes, whereas HPC2 cells are able to

differentiate to all restricted haematopoietic progenito®©guro et al., 2013)
Immunophenotypic analysis revealed that the frequexscof LSK, HSCs, MPPs and
HPC1 were significantly reduced in BM fr@ata2’; VaviCre when compared to
control mice, whereas the proportion of HPC2 was increased at p=0.06 level in
Gata2’; VaviCr¢ as compared with control litermates, suggestive of a

differentiation block and progenitor accumulation at the level of HPC2 (Figure.3.5 A)

I'1FaKAQAa fF02NXG2NE KIF & &adzZ33sSadaSR Iy
hierarchy, in which HSCs give rise into LMPPs (LSK "COTE®), that possess
lymphoid/myeloid potential, and a rdefined primitive CMP (LSK_CD3aD41),
which has thepotency to differentiate into myeloid/erythroid/megakaryocyte
lineages(Miyawaki et al., 2015)mmunophenotypic analysis revedla significant
reduction in BM numbers of both LMPPs and COMP inGata2’; VaviCre as

compared to control mice (Figure 3.5 B).

Since HPC1, HPC2, CDE@MP areheterogeneouscommitted progenitors, we
resolved this heterogeneity using another hierarchical model that distinguishes
between myeloid/lymphoidbiased progenitorgPietras et al., 2015HSPCsvere
sub-divided intofive compartments using CD135 and slam marleerdollows:LT
HSCs, LSK_FIt8D150 CD48 STHSCs (MPP1), LSK_FED150 CD48 MPP2,
megakaryocytéerythrocyte-biasedMPPs (LSK_FIt3CD150 CD48); MPP3,GMR
biasedMPPs (LSK_FIt3CD150 CD48); and MPP4,lymphoid/GMRbiasedMPPs
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LSK_FIt3 CD150 CD48. The proportions oBM LFHSC STHSCs, and MPP4 were
significantlyreduced inGata2’"; VaviCre mice, while a significant ineasein the
frequency ofMPP2was observed irtGata2’; VaviCre as compared with control
littermates(Figure 36). In agreement with previous data, HSC numbers were reduced
in Gatazhaploinsufficient micéRodrigues et al., 2005, Guo et al., 20 A8)ditionally,
these dda suggest thatGata2 haploinsufficiency perturbs the abundance of select
adult primitive HSPCs homeostasis including stuezific effects in MPPs

(accumulation of MPP2 and reduction MPP4) as well as differentiation blocks in
HPC1, HPC2, LMPPs, and COMIP.
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Figure3-5: Primitive HSPCs are perturbed in youGgta2 haploinsufficiert mice.
(A)Representative immunophenotypic analyfdisfit-hand) gating strategyNliddle) andthe
frequencies ofprimitive H3?Ccompartments(Right)including LSK, HSCs, MPPs, H&lL,
HPC2n the BM ofcontrol (n=9)and Gata2'"; VaviCre (n=10) micefrom four independent
experiments Statistical analysisunpaired, 2tailed t-test. (B) Representative FACS plots
analysis(Lefthand) and absolute numbersRight) of BMLMPP 1§=8 per genotypgand
CD41CMP<n=6 for eachgroup) from control andGata2’"; VaviCre micefrom two or three

separateexperimentsData represent mean £ SEM. Statistical analysis: M#hitheyU test
* P <0.05; ** P <0.01; ***, P <0.001; *** P < 0.0001

102



(A)
Gated on LSK Gated on LSKG1 Gated on LSKG2

v G2 00/0.017% 0.009%
— <t —_
Y Al s o
| @] @] .E
F 3 F 9 o
0.012%| 0.024%
G2 0.019%| 0.019% .
' NS
o 33
i 0.005%| 0.009% ©

MPP3MPP2| |Mpp4

G2

- ST- | LT-
G1 " HSC HSC

0124 m Control *
0.101 W Gata2*": vav-icre*

%) 1 ==
= 003

* %

LT-HSC ST-HSC MPP2 MPP3 MPP4

Figure3-6: Gata2haploinsufficiency perturbs adult MPP compartments.

(A and BRepresentative FlowJo plot8)( gating methods A-bottom) and percentagesBj
of BM LTHSCs, SHSCs, MPP2, MPP3, and MPP4 from control Gat2: VaviCre

littermates. n= 6 for each getype from two independent experiments. Presented data are
mean + SEM. Statistical analysis: MakihitneyU test *, P < 0.05; **, P < 0.01
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3.2.6 Increased apoptosis level IHSPCs dBata2 haploinsufficiert mice

The preceding data demonstrateata2 haploinsufficiency disrupts the distribution

of HSPC compartments. To assess whether differential cell survival was a possible
mechanism by which the abundance of HSP@aita2haploinsufficiency mice was
altered, we onductedannexin V assay&low cytometry analysis demonstrated a
significantincreasein the frequencyof total (early plus late) apoptosis HSCs and
MPPs in the BM dBata2’"; VaviCre' micewhen compared witltontrol mice. There

also was an insignificant increasetdtal apoptosis of HPC1 cells Gata2’; Vav

iCre mice. No differencesf total apoptosisof LK, LSK, HPC2, CMP, GMP, and CLP
were observed in both littermatessuggestingthat specific Gata2 mediated
alterations inthe abundance of these populations are independent of apoptotic
mechanismgFigure 37). These data confirm the association between the reduction
of HSC numbers and increased HSCs apoptosiqRadligues et al., 2005, de Pater

et al., 2013)
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Figure3-7: Increased apoptosis level in HSPC&atta2 haploinsufficiert mice.

The lar chart represents the percentages of apoptotic cells in the BM of contrabatal";
VawviCrée mice. n=6 mice for each genotype from three indagent experiments. Annexin
V and DAPI were used to stain BM compartments as follows: live, anneRiP¥ early,
annexin VDAPT late, annexin YDAPT; and necrosis, annexin WAP1. Data represent mean
+ SEM. Statistical analysis: MawitneyUtest *, P < 0.05
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3.2.7 Increased HSCs quiescenceédata2 haploinsufficientmice

This studynext assessedvhether the reduction of HSCs powl Gata2’; VaviCre

mice was also correlated withthe cell cycle alterationsThe cell cyclestatus of
primitive haematopoietic compartmentsvas evaluatedisingki-67 assayslhe Ki67
protein, a nuclear proliferation marker, is highly expressed in G1/G2/M phases
compared to GO phas@&erdes et al., 1984)The frequency of HSCs in GO phase was
increased in Gata2’!; VaviCre¢ when compared to control mice, whil¢he
frequencies oMPP HPC1, HPCand GMReells in GO, Gand S/G2/M phases were
comparable in both littermategFigure 3 A, B, C,and D). These results are in
agreement with previous findings, in whi@ATAzcts asan indispensable regulator

for HSC quiescend¢®odrigues et al., 2005, Tipping et al., 2009)

Figure3-8: Increased HSCs quiescencédata2 haploinsufficient mice.

(A B, C, and PiImmunophenotypic analys{&\) and percentagef primitive BMcells inGO
phase (B), G1 phase (C), &@2M phases (Ddf the cell cycldrom control andGata2'";
VawiCré mice n= 6 per genotype from three independentexperiments. Three
subpopulationan be recognised using®&' and DAPI staining: hase, ki67 DAPt Gk
phase, k67" DAPt and S/G2/M phasg ki67" DAPI. Presenteddata are mean = SEM.
Statistical analysis: MaAwhitneyU test *, P < 0.05; **, P < 0.01
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